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FRICTION AND TEMPERATURE AS CRITERIA FOR SAFE 
: OPERATION OF JOURNAL BEARINGS 


By Samuel A. McKee 


ABSTRACT 


This paper describes a method for the application of friction and heat-dissipa- 
tion data to the determination of the load-carrying capacity of a journal bearing 
when operating with a lubricant of known characteristics. This method depends 
upon two considerations: First, that the bearing shall operate in the region of 
stable lubrication; and second, that the operating temperature shall not exceed 
some limiting value. 

The relationship between the thermodynamic and hydrodynamic factors 
pertaining to journal-bearing lubrication is given by an equation for thermal 
equilibrium. From this relation, pressure-speed curves representing the limits 
for safe operation for a given bearing with a given lubricant are obtained by con- 
sideration of permissible values for temperature rise and the operating variable 
ZN/P, where Z is the viscosity of the oil, N the speed of the journal, and P the 
bearing pressure. 

An example of the application of this method is given, using friction and heat- 
dissipation data obtained experimentally in laboratory apparatus with bearings 
and lubricant typical of some automotive installations. Curves showing the load- 
carrying capacity and typical operating characteristics are given for this bearing 
and lubricant. The method is used also to calculate the effects upon the load- 
carrying capacity of this bearing of changes in the viscosity characteristics of the 
© lubricant, critical ZN/P value, ambient temperature, and heat-dissipation charac- 
teristics. The practical application of the method as a means for estimating 
the load-carrying capacity of bearings in actual service is outlined for the case of 
automotive-engine bearings. 
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LIST OF SYMBOLS 


D=Journal diameter, in. 

L= Bearing length, in. 

C= os clearance (difference between bearing diarmeter and journal diam- 
eter), in. 

W=Total load acting on bearing, Ib. 

P= W/LD= Pressure on projected area of bearing, lb/in.? 

N=Speed of journal, rpm. 
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V=a DN/12 (60)=Peripheral velocity of journal, ft/sec. 
Z= Absolute viscosity of lubricant at atmospheric pressure and bearing tem. 
perature, centipoises. 
F = Tangential frictional force, lb. 
f=F/W=Coefficient of friction. 
H= Heat generated in bearing per unit time, commonly expressed in Btu/min 
but here converted to in. lb/min.! 
H’ = Heat dissipated by bearing per unit time, in. Ib/min. 
7T2= Bearing temperature, °F. 
To>=Ambient temperature, °F. 
AT=Ts—To= Temperature rise, °F. 
k=Coefficient in eq 1= 473 10-”, 
Af=Correction term constant for a given bearing (see reference [5)). 
U=A coefficient of heat transfer. 
__a=Exponent in eq 3. 
SUV=Saybolt universal viscosimeter. 
VI=Viscosity index. 


I. INTRODUCTION 


One of the chief limitations of the science of journal-bearing lubrica. 
tion in its present status is the difficulty of applying the results of 
experimental and analytical investigations directly to problems 
involving the performance of bearings in actual service. Research 
of inestimable value has provided a reasonably workable knowledge 
of the hydrodynamics of the load-carrying oil film, but this informa- 
tion in itself cannot answer the question so pertinent to the engineer, 
namely, ‘“‘How much load can this bearing safely carry when operating 
at a given speed with a given lubricant?” Probably the most com- 
mon cause of failure to answer this question is the present lack of 
information pertaining to the thermodynamics of journal-bearing 
lubrication. 

The heat generated in shearing the film of lubricant in a journal 
bearing produces a rise in temperature. This rise has two major 
effects upon the performance of the bearing: first, it increases the 
rate of heat-dissipation; and second, it decreases the viscosity of 
the lubricant. In the region of stable lubrication this decrease in 
viscosity decreases the rate of heat generation, and the bearing will 
come to equilibrium at the temperature where the rates of heat 
generation and dissipation are equal. The performance of the bear- 
ing, therefore, is dependent not only upon the hydrodynamics of the 
oil film but also upon the heat-dissipation characteristics of the 
bearing. 

The discussion which follows is given to indicate how heat-dissipa- 
tion data, together with the existing knowledge of the hydrodynamics 
of the oil film, may be used to provide, with some degree of accuracy 
at least, an answer to the question mentioned above and also to esti- 
mate the effects on the load-carrying capacity of the bearing of changes 
in a number of the various factors involved in journal-bearing lu- 
brication. 

Some of the fundamental concepts of this method for determining 
load-carrying capacity have been discussed in detail in a previous 
publication [1].2 A relationship between the thermodynamic and 
hydrodynamic factors pertaining to journal-bearing lubrication was 
developed by consideration of a state of thermal equilibrium and 4 
“1 When all quantities of energy are expressed in the same unit, inch pounds in this case, the numerical 


factor known as “the mechanical equivalent of heat’’ does not appear in the equations. 
? Figures in brackets indicate the literature references at the end of this paper. 





eked Friction and Temperature of Journal Bearings 493 
criterion for safe operation was suggested. This criterion involves 
(wo primary considerations: First, that. the bearing shall always 
operate in the region of stable lubrication; and second, that the 
operating temperature of the bearing shall never exceed some limiting 
value. The criterion for operation in the region of stable lubrication 
may be obtained either from data and computations pertaining to 
the minimum thickness of the oil film [2] or from the frictional char- 
ycteristics of the bearing. Of these, the second method lends itself 
more readily to the particular purpose, since the rate of heat genera- 
tion and consequently the operating temperature are also dependent 
upon the frictional characteristics of the bearing. 

The usual method for indicating the frictional characteristics of a 
journal bearing is by plotting f, the coefficient of friction, against 
the generalized operating variable ZN/P, the product of the viscosity 
of the lubricant by the speed of the journal divided by the load per 
wit projected area. A number of publications [3, 4] have indicated 
the justification for the use of this curve and have also pointed out 
its significance in determining the region of stable lubrication. In a 
typical [f, ZN/P] curve, f passes through a minimum usually at some 
relatively low value of ZN/P. At values of ZN/P above this minimum 
{ decreases with a decrease in ZN/P, whereas at values below the 
minimum there is a rapid increase of f with decrease in ZN/P. 

From the preceding discussion regarding thermal equilibrium, it is 
seen that conditions are unstable at values of ZN/P below the mini- 
mum point. In this region the rate of heat generation will increase 
more rapidly with a rise in temperature than the rate of heat dissipa- 
tion. On the other hand, at values of ZN/P above the minimum 


point, a rise in temperature will decrease the rate of heat generation, 
which, with the increase in the rate of heat dissipation, will cause the 
bearing to reach thermal equilibrium. This region is commonly 
known as the region of stable lubrication. One criterion for safe 
operation in the region of stable lubrication may, therefore, be defined 
by a minimum limiting value of ZN/P. 


II. EQUATIONS FOR THERMAL EQUILIBRIUM 


Experimental data [5] indicate that in the region of stable lubrica- 
tion the frictional characteristics of journal bearings may be repre- 
sented with reasonable accuracy by an equation of the form 


f=k(ZN/P) (D/C) +4f, (1) 


using the nomenclature given in the list of symbols. In this equation 
kis constant for all bearings and is equal to 473 X 10~!° when using the 
given units. Af is constant for a given bearing, but varies for bearings 
of different length-diameter ratios. Information regarding Af has 
been given in greater detail in a previous publication [5]. The rate 
of heat generation in these bearings, therefore, may be represented by 


the equation 
H=PND{k(ZN/P) (D/C) +Af|xLD. (2) 


The fact that there is little published information available regarding 
heat dissipation in bearings has already been mentioned. However, 


the equation 
A’ = UxLDAT* (3) 
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may be used to represent approximately such data [2, 6, 7] as ay 
available. In this equation the coefficient U and the exponent a ay 
treated as constants for a given bearing installation, but may }, 
different for different installations. Their values will depend upo, 
the factors governing dissipation by radiation, conduction, and ¢op. 
vection and also upon the dissipation characteristics of the lubricating 
system. 

Conditions for thermal equilibrium may be represented by equating 
the values of H and H’ to give 5 


PND{k(ZN/P) (D/C) +Af|=UAT*. (4 


This equation represents approximately the relation between the 
rise in temperature of a bearing above its surroundings and the factors 
affecting the hydrodynamics of the load-carrying oil film when the 
operation is in the region of stable lubrication, and thus provides q 
definite tie between the hydrodynamics and thermodynamics | 
journal-bearing lubrication. 


III. METHOD FOR DETERMINATION OF LOAD-CARRYING 
CAPACITY 


Equation 4 also contains all of the variables pertinent to the ques- 
tion of load-carrying capacity; namely, N, the speed, P, the load per 
unit projected area, Z, the viscosity of the lubricant, AT’, the temper- 
ature rise which determines the operating temperature, and ZN/P, 
the generalized operating variable upon which the limits of stable 
lubrication depend. This equation, therefore, in conjunction with a 
lower limiting value of ZN/P to assure stable lubrication, and an 
upper limiting value of AT based upon a maximum allowable bearing 
temperature, together with the ambient temperature, may be used to 
evaluate the safe limits of load and speed for a given bearing operating 
with a given lubricant of known viscosity. 

If it is assumed, for example, that K, is the minimum value of 
ZN/P allowable for safe operation, then 


ZN/P=K,. (5) 


By substituting K, for ZN/P, together with the values of D, D/C, 
Af and U, all of which are constant for the given bearing, eq 4 becomes 


PN=K,AT‘, (6) 


where K; is a constant term and a is a constant for the given bearing. 
Then for all values of AT at or below the upper limiting value, the 
limits for safe operation dependent upon the minimum ZN/P value 
are defined by the two eq 5 and 6. 

Dividing eq 6 by 5 results in 


K,ZAT* 
_ 
and by transposition eq 5 becomes 


P 
ee: Le 
N="% 


Pus 





McK 


Po 
He 
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for any given value of AT, eq 7 and 8 may be used to obtain the 
jimiting values of P and N,, since the value of Z for the given temper- 
ature may be determined from data on the viscosity of the lubricant. 

Under certain conditions of high-speed operation of the bearing, 
the value of ZN/P may be greater than the critical value, but the rate 
of heat generation is sufficiently high to make the maximum allowable 
yalue of AJ’ the limiting factor. The equation defining the safe limits 
under these conditions may be obtained from eq 4, which for a given 
hearing assumes the form 


bPN{m(ZN/P)-+Af|=UAT*, (9) 


where 6, m, Af, U, and a are constant terms. 
By expanding and transposing this becomes 
p=S4l_x,2N, (10) 
K, and K, being constants. 

The limiting values of P for a pe N may be obtained by substi- 

tuting in eq 10 the particular value of N, together with the limiting 
yalue of AJ’, the corresponding value of Z, and the value of a for the 
given bearing. 
Thus the boundary between safe and unsafe operation, as defined 
by the assumed conditions for the given bearing and lubricant, may be 
indicated graphically by plotting the various values of P against their 
corresponding values of N as determined by the use of eq 7, 8, and 10. 
In this connection it should be noted that the values obtained from 
eq7 and 8 are applicable only when AT is at or below the critical value 
and those obtained from eq 10 only when ZN/P is equal to or greater 
than the critical value. 

Recently some information has been obtained at the National 
Bureau of Standards on the operating characteristics of journal bear- 
ings. Sufficient data were taken over a range of speeds from 1,000 to 
3,000 rpm to determine the frictional characteristics and the heat- 
dissipation characteristics in the region of stable lubrication and also 
the critical ZN/P value for operation in the stable region. Hence 
these data may be used to illustrate the application of eq 7, 8, and 10. 

The following are the data pertaining to the construction and oper- 
ating charateristics of these bearings: 


Apparatus: 4-bearing friction machine, bearings enclosed in case. 
Operation: constant speeds at a number of loads, direction of load 
constant relative to bearings. 
Type of bearings: 360° solid sleeves. 
Bearing materval: copper-lead lining, steel backing. 
Nominal dimensions: D=2 in., L=1% in., D/C=500. 
lubricating system: forced feed, 80 to 85 lb/in.? oil pressure, oil fed to 
bearings through center of shaft. 
lubricant: mineral aviation oil, 124.4 sec SUV at 210° F, viscosity 
_ Index=98. 
Fretion constants: k=473X 107", Af=0.0023 (from [f, ZN/P! curve 
_ based on observed data). 
Point of minimum f: ZN/P=4.6 (from [f, ZN/P] curve,” bearings 
fairly well run in). 
Heat-dissipation constants: U=7.38, a=1.65 (from observed data). 
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Ambient temperature: 80° F (average). 
Maximum allowable bearing temperature: 360° F (assumed) henge 
maximum allowable AT=280° F. ; 


The particular value chosen for maximum allowable bearing ten. 
perature has no special significance, although it possibly approache; 
the upper limits for aircraft-engine operation. 

By the substitution of the values of the constants as defined }y 
these data, eq 7, 8, and 10 become, respectively, ’ 


P=+334ZAT'® 


__4.6P 
N="3- 


and 


1,605A7" 


petites: 


—0.0103ZN 


and may be used directly to compute the limiting values of P and \. 
The results of these computations are shown graphically in figure |, 


REGION OF UNSTABLE LUBRICATION 


w 


P,1000 Ib/in: 
iad 


REGION OF STABLE LUBRICATION 


° 
EXPERIMENTAL ny 


% 2 3 4 5 6 


N, lOOORPM. 
Ficure 1.—Curves showing permissible pressures for safe operation at various specis. 


2X1 in. test bearings; ambient temperature, 80° F; aviation oil 124.4 sec SUV at 210° F, 98 VI (SAE 60); 
limitations, ZN/P>4.6; temperature, <360° F, 


The curve ZN/P=4.6 is derived from eq 7 and 8 and represents the 
maximum permissible pressures for safe operation over the range of 
speeds where the minimum permissible value of ZN/P is the limiting 
factor. The curve 7,=360° F is derived from eq 10 and represents 
the pressure limitations based upon the assumed limiting operating 
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temperature. ‘Thus the region below the solid curves represents con- 
jitions of safe operation under the assumed limitations. 

In the experimental work with these bearings, test runs were made 
at various constant speeds and the loads were increased by arbitrary 
amounts until the bearings reached the unstable region. Data ob- 
tained in these tests are also plotted in figure 1. The circles represent 
loads and speeds at which the bearings operated in the stable region, 
whereas the crosses represent the loads and speeds at which the opera- 
tion was in the unstable region. It will be noted that in the range 
covered, the experimental data and the curves are in agreement within 
experimental error. 

In considering these curves from the standpoint of bearing opera- 
tion, it is seen that for speeds above 300 rpm the permissible load for 


oO 


rm 


‘ 
‘ 
= 
° 
fe} 
Q 
a 


N, 1000 RPM. 
FicuRE 2.—Lines of constant temperature in region of stable lubrication. 


2x1\ in. test bearings; ambient temperature, 80° F; aviation oil 124.4 sec SUV at 210° F, 98 VI (SAE 60). 
these bearings decreases with an increase in speed. This is of interest 
in that it is exactly opposite from what would be expected if tempera- 
ture effects were ignored and only the hydrodynamic considerations 
taken into account. 

Besides providing a means for obtaining limits based on a maximum 
permissible temperature, eq 10 may also be used to determine lines of 
onstant temperature on the load-carrying capacity chart. Such 
lines for various constant temperatures are shown in figure 2. These 
lines may be used to show that if the curves derived from eq 7, 8, and 
10 represent the limits of safe operation, all points below them are in 
his region of safety. For example, if P’ represents any value of P 
ying on these curves and N’ the corresponding value of N, then by 
aterpolation from the lines of constant temperature it will be seen 
hat if N equals N’ and P is less than P’, the equilibrium temperature 
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of the bearing will be decreased; hence the temperature at N’P yj) 
be less than the limiting temperature. This decrease in temperatyy, 
will cause an increase in Z. With Z increased and P decreased nj 
N remaining constant, the value of ZN/P will be greater than th 
limiting value; hence the bearing will be operating in the safe region, 


IV. OPERATING CHARACTERISTICS IN THE STABLE 
REGION 


The constant temperature lines in figure 2 may be used also t) 
determine the operating characteristics of the bearing at any point jp 
the stable region. Suppose, for example, that the bearing is operatine 
with the same lubricant at a constant load such that P equals 2,00) 
Ib/in.2 The temperature-speed characteristics for the bearing under 
this load are given in figure 3 and were obtained directly from figure 2, 
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N, 1000 RPM. 

Fiaure 3.—Temperature-speed curve for 2X 1% in. test bearings. 


Constant load (P=2,000 Ib/in.*); ambient nee The F; aviation oil 124.4 sec SUV at 210° F, 98 VI, 


The values of ZN/P for various speeds when operating at this load 
may be computed from figure 3 and the values of Z at the various 
temperatures. This curve is shown in figure 4. It is of interest that 
this curve indicates that for speeds above 700 rpm the value of 
ZN/P decreases with an increase in N, whereas in the hydrodynamic 
relation, if temperature effects are neglected, ZN/P is directly pr- 
portional to N. 

The frictional horsepower-speed curve given in figure 5 is obtained 
from figure 3 and eq 3. This curve is of interest in that the increase 
in horsepower with increase in speed is less than the first power of 
the speed while from hydrodynamics alone the horsepower might be 
expected to be proportional to the square of the speed. Similar 
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2 3 4 = 6 
N,!000 RPM. 
FigURE 4.—ZN/P-speed curve for 2X1% in. test bearings. 
Constant load (P=2,000 Ib/in.*); ambient epee F; aviation oil 124.4 sec SUV at 210° F, 98 VI, 


—_— 


FRICTIONAL HORSEPOWER 


0 
0 2 


N, 1000 RPM. 


Fiaure 5.—Frictional horsepower-speed curve for 2X 1% in. test bearings. 


Constant load (P=2,000 Ib/in.*); ambient tne tO F; aviation oil 124.4 sec SUV at 210° F,98 VI, 


curves showing the operating characteristics of the bearing with this 
lubricant might be drawn for other constant loads or for various 
constant speeds with varying loads. 
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V. EFFECT OF VISCOSITY CHARACTERISTICS OF THE 
OIL USED 


Equations 7, 8, and 10 may also be used to show the effects on th, 
load-carrying capacity of the use in this bearing of oils of differen; 
viscosity characteristics. In figure 6 a comparison of the results of 
such computations is given for four oils all of which have a viscosjt; 
index of 98. Oil A represents about the most viscous for SAE 60 anj 
oil D the least viscous for the same grade. B is a high SAE 30 gj 
and C is an average SAE 10 oil. For convenience, the curves deriyo; 
from eq 10 are omitted, since the curves based on eq 7 and 8 cover 
the range of speed commonly encountered in most installations. 
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é 
2 
° 
° 
o 
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A=124.4sec.S.UY. of 210°F,98V.1.,S.A.£.60. 
B= 252 sec.S.UV. at (30°F, 98V.1.,S.0.£.30. 
C= 105 sec.SUM. at 130°F,98V.1.,S.A.E.10. 

_D= 105 sec.S.UV. at 210°F,98VI, S.A.E.60, 


3 4 5 6 
N, 1000 RPM. 


Fiaure 6.—Curves showing effect of viscosity grade on permissible pressures a 
various speeds. 


2X1 in. test bearings, ambient temperature 80° F. 


These curves indicate that an increase in viscosity grade tends to 
increase the load-carrying capacity. This would be expected from 
hydrodynamic considerations. It should be noted, however, that in 
the normal speed range the permissible loads at a given speed are not 
proportional to the viscosities of the lubricants at any one temper- 
ture. This is shown in table 1, where the viscosity data at 100° 
and 210° F are compared with the load-carrying capacity data at 
3,500 rpm. 

The operating temperatures and friction losses of the bearing when 
using oils of different viscosity may be obtained as described prev 
ously by developing lines of constant temperature, such as were 
shown in figure 2. The results of such computations for oil C, to- 
gether with the data given in table 1, provide a means for comparing 
the performance of A and C in this bearing. Suppose, for example, 
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in a particular installation the conditions of normal operation of the 
bearing were P=1,000 lb/in.? and N=3,500 rpm, then a 300-percent 
increase in viscosity at 210° F, as indicated by the values given in 
table 1, would provide a 65-percent increase in the factor of safety; 
but at normal operating conditions this increase in viscosity would 
result in a@ 33-percent increase in frictional horsepower and a 25° F 
rise in the operating temperature of the bearing. 


TaBLE 1.—Data showing viscosities at 100° F and 210° F and permissible pressures 
at 3,500 rpm 


[Oils A, B, C, and D, 2X1% in. test bearings, ambient temperature 80° F.] 





: 2 ‘ Permissible 
be | at | V — > at | pressures at 
3,500 rpm 





, 800 
4 254 18.2 3, 600 
zeal 108 10.3 2, 900 

--| 36.7 | 5.4 | 2, 300 


Comparative ratios, oil C as a basis 


Centipoises Centipoises Lb/in 2 
| 335 21.8 3, 8 























The effect of changes in viscosity index is shown in Figure 7. These 
curves indicate the load-carrying characteristics of the bearing when 
using oils A, B, and C of figure 6 in comparison with three oils A’, B’, 
and C’ of the same respective viscosities at specification temperature 
but having a different viscosity index. From these curves it is seen 
that at the higher speeds a reduction in viscosity index in general 
reduces the permissible loads, the average reduction caused by a 
change from 98 viscosity index to 0 viscosity index being about 7 per- 
cent at 2,000 rpm and 10 percent at 4,000 rpm. 

The viscosities of A and A’ are specified at 210° F, whereas those 
for B, B’, C, and C’ are at 130° F. The effect of this difference in 
specified temperature of test is shown by the intersection points on 
the three pairs of curves, the A—A’ intersection occurring at a higher 
speed than the B-—B’ and C-C’ intersections. A comparison of curve 
A’ in figure 7 and D in figure 6 indicates that in the higher speed 
ranges the effect produced by a change from a 98 viscosity index to a 
0 viscosity index is of the same order of magnitude as the effect pro- 
duced by a change from the upper to the lower limits of viscosity of a 
SAE 60 oil with a 98 viscosity index. 

The calculated viscosity values for each oil at the various tempera- 
tures were obtained by the use of Cragoe’s L’ relation [8] between 
viscosity and temperature. 

The effect of pressure on viscosity has not been explicitly intro- 
duced in deriving these curves. In this connection it should be noted 
that the experimental determination of K,, the limiting value of 
ZN/P, includes the effect of change of viscosity with pressure for the 
conditions covered. An estimate of the probable effects under other 
conditions can be made using the data available. Such a correction 
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based on the correlation of viscosity-pressure data by Cragoe (8) 
indicates a possible reduction in the permissible pressures for oj] ( 
of about 15 percent in the normal speed range. It is believed, however 
that for practical purposes it would be preferable to evaluate such, 


A®S.AE.60,98V.I. 
AsSAE.60, OV. 
B =S.AE.30,98V1I. 
B *S.A.£.30, OVI. 
C *S.A.E.10,98V.I. 
C=SAE.10, OVI 


“s 
2 
° 
° 
2) 
= 


ie] 


ie) 
.¢) 1 2 3 5 


N, 1000 RPM. 


Figure 7.—Curves showing effect of change in viscosity index on permissible pressures 
at various speeds, 


2X1 in. test bearings; ambient temperature, 80° F. 


possible effects by experimentally determining their influence upon the 
value of K,. 


VI. EFFECTS OF CHANGES IN CRITICAL ZN/P VALUE 


The particular value of ZN/P at the point of minimum f obtained 
in the tests with these bearings is not necessarily characteristic of all 
journal bearings under all conditions. Experimental data indicate 
that this point may cover a fairly wide range of values of ZN/P, de- 
pending upon the frictional characteristics of the bearing metal, the 
machining of the bore, the amount of running in, the oiliness of the 
lubricant, and its viscosity-pressure characteristics. Other factors 
that may be significant are the clearance and length of the bearing, 
the manner in which the load is applied, and the method used to supply 
oil to the bearing. 

The effects of a change in the critical value of ZN/P are given in 
figure 8. Curves A, B, and C represent respectively the load-carrying 
capacities of a bearing when using oils A, B, and C previously men- 
tioned, for which the critical value of ZN/P is 4.6, whereas A’, B’, 
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and CO’ represent the respective load-carrying capacities of the bearing 
when the critical value of ZN/P is changed to 3.5. From these curves 
it is seen that any factor tending to lower the critical ZN/P value, 
such as the use of an oil of higher oiliness or a bearing metal giving 
lower friction, will tend to increase the load-carrying capacity pro- 


P, 1000 Ib/in® 


A= S.AE.60,CRITICAL ZN/P=4.6 
A= S.AE.6O,CRITICAL ZNP= 3.5 
B=S.AE.30, CRITICAL ZN/P=4.6 
B= S.AE.30,CRITICAL ZN/P=35 
C= S.AE.10, CRITICAL ZN/P=4.6 
C=S.AE. 10,CRITICAL ZN/P= 3.5 


10) 
0 ! 2 3 4 5 


N, 1000 RPM. 


Ficure 8.—Curves showing effect of change in critical value of ZN/P on permissible 
pressures at various speeds for oils of different viscosity. 


2X14 in. test bearings; ambient temperature, 80° F. 


vided such a change does not affect other pertinent factors. In the 
higher speed ranges with these particular curves, the load-carrying 
capacity at a constant speed is approximately inversely proportional 
to the square root of the critical ZN/P value. Inspection of eq 7 also 
indicates this relationship if P is practically independent of N, which 
is true at the higher speeds. 


VII. EFFECTS OF CHANGES IN AMBIENT TEMPERATURE 


Analysis of eq 4 indicates that the ambient temperature may have 
marked effects upon the operating characteristics of the bearing, 
since a change in ambient temperature will change the operating 
temperature and hence the value of Z for a given temperature rise A7’. 

Curves representing the load-carrying capacity of the test bearing 
under ambient temperature conditions typical of summer and winter 
operation are given in figure 9. Curves A, B, and C represent re- 
spectively the load-carrying capacity for oils A, B, and C when the 
ambient temperature is 100° F, and curves A’, B,’ and C’ when the 
ambient temperature is 40° F. From these curves it is seen that with 
this bearing a change in ambient temperature from 100° F to 40° F 
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is approximately the same in its effects on the load-carrying capacity 
of this bearing as a change in SAE numbers from 10 to 30 or from 3) 
to 60. 

Although this is not necessarily significant because of differences jy 
conditions in the two cases, it is of interest that these results are jp 
fair agreement with the usual practice in the lubrication of automobile 
engines. 








| | | 
A=S.AE.60, AMBIENT TEMP. |OO°F 
A=S.AE.60, AMBIENT TEMP. 40°F 
B=S.AE. 30, AMBIENT TEMP. |OO°F 
B=S.AE. 30, AMBIENT TEMP 40°F 
G=SAE. 10, AMBIENT TEMP. 100°F 
C=S.AE. 10, AMBIENT TEMP 40°F 
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FiaurE 9.—Curves showing effect of change in ambient temperature on permissible 
pressures at various speeds for oils of different viscosity. 


2X1% in. test bearings. 


VIII. EFFECTS OF CHANGES IN HEAT-DISSIPATION 
CHARACTERISTICS 


The data obtained in the tests with these bearings indicate that the 
heat-dissipation characteristics of the apparatus were probably repre- 
sentative of installations where the heat dissipation is relatively high. 
Evidence of this is given by the value of 1.65 obtained for the exponent 
a. This value is higher than might be expected from consideration of 
radiation, conduction, and natural convection, and is probably caused 
by a relatively large amount of heat being carried from the system by 
the lubricating oil. 

Of the available published data on the heat-dissipation of bearings, 
a paper by Karelitz [2] deals with oil-ring bearings—a type of installa- 
tion probably tending toward the lower range of heat-dissipation 
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characteristics, since practically all the heat must be dissipated by the 
hearing housing. A comparison of the load-carrying capacity curves 
for these two installations, therefore, might give some idea as to the 
probable range of effects on bearing performance obtainable with 
various installations having different heat-dissipation characteristics. 

Such a comparison is given in figure 10. Curve A represents the 
load-carrying capacity of the bearing when using oil A and where the 





—— — 























(ey) 








| | As TEST BEARINGS, FORCED FEED,85!b/in O PRESSURE. 
B= OIL RING BEARINGS, FROM KARELITZ’ DATA. 





P, 1000 Ib/in* 


Mm 





T 











-_B 
tis, 





















































lees an 


2 3 4 
N, [000 RPM. 


FiaurE 10.—Curves showing effect of change in heat-dissipation characteristics on 
permissitle loads at various speeds. 





2X1 in. bearings; ambient temperature, 80°F; lubricant, aviation oil 124.4sec SUV at 210°F, 98 VI (SAE 60) 


| heat-dissipation constants are U=7.38 and a=1.65 as in these tests, 
whereas curve B represents the load-carrying capacity of the same 
bearing using the same oil but with the heat-dissipation constants 
changed to U=18.4 and a=1, all other factors remaining the same. 
The latter values of U and a are interpreted from the heat-dissipation 
data for still air given by Karelitz. Curve B is, of course, based solely 
upon the question of heat dissipation and does not take into account 
limiting speeds for satisfactory oil-ring operation. From these two 
curves it will be noted that the effect of the given change in heat- 
dissipation characteristics is of much greater magnitude than the effects 
of changes of any of the other factors previously discussed. 

A comparison of the operating characteristics of the bearing under 
the two conditions of heat dissipation may be obtained from typical 
temperature-speed and horsepower-speed curves obtained from the 
lines of constant temperature. For brevity, these have been omitted 
in this case and also in the discussions pertaining to viscosity index 
and ambient temperature. 


222120—40-——_-2 
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IX. COMPARISON WITH PRESSURE-VELOCITY (PV) 
RELATION 


In the foregoing discussion, certain indications have been Pointed 
out as to the limitations of the hydrodynamic relations for Providing 
complete information on the operating characteristics of a bearing 
unless thermal effects are also taken into account. It might be of 
interest, therefore, to consider the limitations on the use of relations 
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Figure 11.—Comparison between curves based on combined hydrodynamic and 
thermodynamic considerations and curves based on PV relation. 


2X14 in. bearings; ambient temperature, 80°F;1 ubricant, aviation oil 124.4 sec SUV at 210°F, 98 VI (SAE Wi. 


based on thermal effects without taking into account the hydro- 
dynamics of the film. Such a criterion, namely, that the product of 
the pressure by the surface velocity of the journal shall not exceed 
some fixed value (PV=a constant), has been used to a considerable 
extent as a basis for determining safe operating limits. A comparison 
of the permissible pressures based on the PV method and those based 
on the method combining hydrodynamic and thermal considerations 
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‘; given in figure 11. Curve A represents the permissible pressures 
as determined by eq 7, 8, and 10, and curves B, C, and D, represent 
values of PV equal to 41,500, 73,000, and 102,000, respectively, when 
V is expressed in feet per second. 

From this figure it 1s at once obvious that the relation PV equals 
a constant does not provide a true criterion as to the limits of stable 
lubrication for these particular bearings under the test conditions, 
since the three values represented by the curves are approximately 
those at which the bearings were operating when the boundary 
between stable and unstable lubrication was reached at speeds of 
1,000, 2,000, and 3,000 rpm, respectively. Thus in the particular 
range of operation covered by these tests, the limiting PV value as 
determined by experiment is nearly proportional to V instead of 
being a constant. In this connection it should be noted that in the 
bearing tests the indication as to when the bearing reached the unstable 
region was very definite. At loads where the operation was in the 
stable region, the frictional torque decreased as the temperature 
increased and usually in a few minutes the bearings would come to 
equilibrium with torque and temperature remaining practically con- 
estant. When the load was great enough to reach the unstable region, 
however, both torque and temperature increased, and the rate of 
increase Was so rapid that it was necessary to install an automatic 
load release to safeguard the bearings. 

The curves in figure 11 indicate that permissible loads from the PV 
relation are greater in the low-speed range and smaller in the high- 
speed range than the permissible loads established by eq 7, 8, and 10. 
This possibly indicates a reason why certain installations designed on 
the basis of the PV relation have been used successfully, since the 
general trend of development has been toward higher speeds and the 
PV relation tends toward an increase in factor of safety with increase 
in speed over the normal speed range. 


|X. APPLICATION OF METHOD TO AUTOMOTIVE-ENGINE 
BEARINGS 


Probably one of the chief reasons for the lack of information regard- 
ing the heat-dissipation characteristics of various bearing installations 
is the difficulty in obtaining representative data. A number of 
installations involve complicated mechanisms where factors governing 
bearing operation are influenced by other entirely independent 
factors. It is believed, however, that in some of these cases data 
may be obtained which, when used in conjunction with the method 
for determining load-carrying capacity, will provide approximations 
of reasonable accuracy. 

In the case of automotive-engine bearings, for example, such an 
approximation can be obtained by measuring bearing temperatures 
for various speeds at various power outputs. These data can then 
be correlated by use of eq 4. In this equation all of the factors on the 
left pertaining to the rate of heat generation may be evaluated either 
by direct measurement or by assumptions based on present data. 
Representative values for U and a may therefore be computed from 
curves obtained by plotting the values for the rate of heat generation 
against the corresponding values for AZ’, the temperature rise. 
Although it is probable that no single curve would be representative 
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for all conditions, the values representing the most adverse case ¢,, 
be used in eq 7, 8, and 10 to obtain load-carrying capacity and othe 
performance curves. While too little information is available regan). 
ing the factors involved to obtain other than a rough approximatio, 
it should be noted that the same assumptions used to determine /: 
and a are also used in eq 7, 8, and 10; hence the effects of some of thy 
inaccuracies may be reduced. 


XI. CONCLUSION 


In the above discussion a method is suggested for the applicatio) 
of friction and heat-dissipation data to the determination of the loa(. 
carrying capacity of a journal bearing when operating with a lubrican; 
of known characteristics. It may be used to estimate the effects upon 
the operating characteristics of the bearing of changes in a number of 
the various factors involved. It also provides a means for correlatio; 
of data in bearing installations where conditions are such that factor 
affecting bearing operation cannot readily be determined. The ty) 
fundamental concepts upon which the method is based are the estab. 
lishment of a minimum safe limit for the generalized operating vari. 
ble ZN/P and a maximum safe limit for the operating temperature. 
With the data available at the present time, it will provide only a 
approximate measure of bearing capacity. Steps necessary for a mor 
rigorous application are a comprehensive study of the frictional char. 
acteristics of journal bearings at the lower values of ZN/P and , 
complete investigation of the heat-dissipation characteristics of various 
bearing installations. 


XII. REFERENCES 


[1] S. A. McKee, Journal-bearing design as related to maximum loads, speeds and 
operating temperatures, J. Research NBS 19, 457 (1937) RP1037; General 
— on lubrication, Proc. Inst. Mech. Engrs. (London) 1, 179-18 

1937). 

[2] G. B. Karelitz, Performance of oil-ring bearings, Trans. Am. Soc. Mech. Engrs. 
APM-52-5, 57-70 (1930). 

[3] M. D. Hersey, Laws of lubrication ef journal bearings, Trans. Am. Soc. Mech. 
Engrs. 37, 167 (1915). 

[4] R. E. Wilson and D. P. Barnard, The mechanism of lubrication, Trans. Sov. 
Auto. Engrs. 17, pt. 1, 203 (1922). 

[5] S. A. McKee and T. R. McKee, Friction of journal bearings as influenced by 
clearance and length, Trans. Am. Soc. Mech. Engrs. APM-51-15, 161-171 
(1929). 

[6] M. D. Hersey, Theory of Lubrication (John Wiley & Sons, Inc., London and 
New York, 1936). 

[7] D. P. Barnard, A possible criterion for bearing temperature stresses, SAK Journal 
30, 192 (1932). 

[8] C. S. Cragoe, Changes in the viscosity of liquids with temperature, pressure, and 
composition, Proc. World Petroleum Congr., London, 2, 529-541 (1938). 


WasHInaTON, February 20, 1940. 





U. $. DEPARTMENT OF COMMERCE NationaL Bureau oF STANDARDS 
RESEARCH PAPER RP1296 


Part of Journal of Research of the National Bureau of Standards, Volume 24, 
May 1940 





— 


ISOLATION OF 3-METHYLHEXANE, trans-1,2-DIMETHYL- 
CYCLOPENTANE, AND. trans-|,3-DIMETHYLCYCLO- 
PENTANE FROM PETROLEUM* 


By Augustus R. Glasgow, Jr.? 


ABSTRACT 


The fraction of a midcontinent petroleum boiling between 90° and 92° C, from 
which the aromatic hydrocarbons previously had been removed, was substan- 
tially resolved into its constituent hydrocarbons. Alternation of atmospheric 
distillation and azeotropic distillation with methyl] alcohol separated the material 
boiling between 90° and 91.2° C into a paraffinic concentrate, containing approxi- 
mately 75 percent of 2-methylhexane, and a naphthenic concentrate. From the 
naphthenic concentrate, trans-1,3-dimethyleyclopentane was isolated by crystal- 
lization from liquid ethane. A similar procedure separated the material boiling 
between 91.2° and 92° C into a naphthenic and a paraffinic concentrate. From 
the naphthenic concentrate, trans-1,2-dimethylcyclopentane was isolated by 
crystallization from liquid propane plus methane. From the paraffinic concen- 
trate, 3-methylhexane was obtained in the residue from distillations at reduced 
pressure (215 mm Hg). 

The boiling point, refractive index, freezing point, density, carbon-hydrogen 
ratio, and critical solution temperature in aniline were determined for the three 
hydrocarbons. Referred to the content of n-heptane as unity, the relative 
amounts of the three hydrocarbons in this petroleum were estimated to be as 
follows: trans-1,3-dimethyleyclopentane, 0.21; 3-methylhexane, 0.25; trans-1,2- 
dimethyleyclopentane, 0.31. 
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I. INTRODUCTION 


The presence of ‘“‘isoheptane” and “dimethyleyclopentane”’ in the 
fraction of petroleum normally boiling between 87° and 98° C has 
been reported by many investigators, but, except for the work done 
previously in this laboratory by Bruun and Hicks-Bruun [1, 2],* no 
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one has actually separated the material into any of its constituey; 
hydrocarbons. Most previous workers [4 to 11] have considera; 
the “isoheptane” fraction to be 2-methylhexane or have reporite; 
that although the isoheptanes were present in considerable quantity 
their separation by physical means was difficult or impossible. Tj, 
“dimethylcyclopentane” fraction has been regarded as 1,3-dimethy\. 
cyclopentane, or the identification has been left incomplete. 

Bruun and Hicks-Bruun [1], working with the “isoheptane”’ fra. 
tion of petroleum in this laboratory, isolated 2-methylhexane froy 
the distillate boiling between 90° and 91° C. On treating the disti. 
late boiling at 91.8° C, with chlorosulfonic acid, they obtained some 
hydrocarbon material that boiled at 91.9° C and had a refractiy. 
index of 1.3912 at 20° C [2]. From a comparison of the constants 
of this material with those of pure compounds, Bruun and Hicks. 
Bruun [2] concluded that the paraffin in the distillate at 91.8° C was 
most probably 3-methylhexane rather than a mixture of 2-methyl. 
hexane and 3-ethylpentane, which combination was next most 
probable. 

In 1896, Zelinsky and Rudsky [12] synthesized 1,3-dimethyleyclo. 
pentane and reported the following properties: bp, 91° to 93° (: 
ad, 0.7543. Markownikoff [13] believed that some material which 
he isolated from Caucasian petroleum was identical with the 13. 
dimethyleyclopentane synthesized by Zelinsky and Rudsky [1 
His material boiled normally between 91° and 93° C and had a specific 
gravity, d?, 0.7321. 

Mabery and in 90 [14] found they could substitute one atom of 
bromine in a petroleum fraction boiling at 98° to 100° C (which con- 
tained methylcyclohexane) and two atoms of bromine in the fraction 
96° to 98° C. From the fraction so treated, they obtained a con- 
pound with the formula C,;H,.Br., which they believed to have been 
formed from dimethylcyclopentane. 

Balbiano and Zeppa [15] oxidized with nitric acid a petroleum 
fraction which distilled between 87° and 92° C, and obtained a mix- 
ture of 1,4-p-nitrobenzoic acid, nitrobenzene, adipic acid, succinic 
acid, and acetic acid. The 1,4-p-nitrobenzoic acid was assumed to 
be proof of the presence of 1,3-dimethylcyclopentane in the petroleum. 

By distilling cracked distillates of petroleum with aniline, Brame 
and Hunter [11] isolated some naphthenic material which had the 
constants: bpzgo, 93° to 94° C; d?, 0.7648; n#?, 1.4110. This material 
was identified as a dimethylcyclopentane because its properties agreed 
with those of a synthetic dimethylcyclopentane, the constants of which 
were: bp, 93° C; di°,-0.7530; n?, 1.4130. 

The present paper reports the completion of the work begun by 
Bruun and Hicks-Bruun [1, 2] on the resolution of that fraction of 
petroleum normally boiling between 87° and 98° C. There are des 
cribed here the isolation and identification of 3-methylhexane, trans- 
1,2-dimethylcyclopentane, and trans-1,3-dimethylcyclepentane from 
the fraction normally boiling between 90° and 92° C. 


II. TREATMENT OF THE MATERIAL PRIOR TO THE 
PRESENT INVESTIGATION 


In the work by Bruun and Hicks-Bruun [1, 2, 3] on the fraction of 
petroleum normally boiling between 87° and 98° C, the material was 
subjected to several processes of fractionation. The toluene was 
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The scale of ordinates in the lower graph gives the volume in milliliters and in the upper graph the refractive 
indices for fractions of 1° C boiling range, as indicated. The scale of abscissae gives the boiling range of 
the fractions in degrees centigrade. 


removed by nitration [17], and the material which remained was 
distilled in’ an 11-m jack-chain column [18]. The distribution by 
volume of the material with respect to the boiling point and refractive 
index at this stage is shown in figure 1, which is reproduced from the 
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report by Bruun and Hicks-Bruun [1], with the scale of ordinate 
changed from mass to volume units. ; 

Figure 1 represents the aromatic-free material of this fraction 9 
petroleum [19, 20] before any naphthenic or paraffinic constituen; 
had been removed and before any significant losses had oceurre; 
Bruun and Hicks-Bruun [1, 3] demonstrated that further fractionatio, 
resolved the material boiling between 93° and 97° C into two fractions 
one boiling near 92° C and the other near 98° C. From the materia! 
boiling in the region 87° to 88° C, Bruun and Hicks-Bruun [1] isolate 
and identified 1,1-dimethyleyclopentane; and from the materia! 
boiling between 90° and 91° C, they isolated and identified 2-methy|. 
hexane [1]. The isolation of 2-methylhexane was accomplished }y 
crystallization from solution in liquid methane plus propane—tl, 
distillate alone congealed to a glass [1, 21]. 

The composition of the large fraction which boiled between 91° an 
92° C and the additional constituents in the region 90° and 91° ( 
remained unknown, although various methods of fractionation, jy. 
cluding adsorption, distillation, and extraction, were tried (2j 
Distillation with methyl alcohol of the material boiling at 91.8° ( 
produced fractionation with respect to refractive index, the materia] 
of higher index being concentrated in the end fractions of the distillate 
([24]. At this stage of fractionation, the material was placed in storage 
in fractions blended according to refractive index. . 


III. PRELIMINARY STUDY AND FRACTIONATION OF THE 
MATERIAL 


The material was freed of processing agents and traces of aromatic 
compounds by adsorption on silica gel [22], and the boiling points and 
refractive indices of the various lots were determined in order to re- 
blend the material for distillation. 

The material that had been obtained by distillation with methy| 
alcohol (see previous section) was further studied after the treatment 
with silica gel, because the higher refractive index indicated it to be 
higher in naphthenes than the original mixture. When this material 
was frozen, it was found that: (a) the material of highest refractive 
index (n*3, 1.405 to 1.4065) gave no crystals but froze to a glass; 
(b) about 25 percent of the material (n%, 1.4035 to 1.4050) yielded 
crystals at temperatures near —150° C; and (c) the material of still 
lower refractive index (n*3, 1.400 to 1.403) froze to a glass. These 
facts indicated that the distillation with methyl alcohol had produced 
a favorable separation. As a consequence, this material was not 
reblended with the material of lower refractive index but was dis- 
tilled separately at atmospheric pressure. This distillation removed 
some higher-boiling material, after which all of the material that had 
a refractive index greater than 1.4035 at 25° C crystallized on cooling. 

The material boiling between 90° and 92° C was systematically 
distilled through columns‘ packed with single-turn stainless-steel 
helices. These distillations removed material that boiled higher or 
lower than the range under investigation (bp70, 90° to 92.2° C), and 
served to realine the material with respect to normal distillation 
behavior. The result of this realinement is shown in figure 2. 


4 When tested with a known mixture of n-heptane and methylcyclohexane, these columns were calculated 
to have a separating efficiency of about 95 theoretical plates. 
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Figure 2.—Volumes and refractive indices of the aromatic-free fractions boiling 
between 89.2° and 92.2° C. 





The scale of ordinates in the lower graph gives the volumes in milliliters and in the upper graph the refractive 
indices, from fractions of 0.2° C boiling range, as indicated. The scale of abscissae gives the boiling 
range of the fractions in 0.2° C, 


IV. RESOLUTION OF THE MATERIAL BOILING BETWEEN 
90° AND 91.2° C INTO CONCENTRATES OF 2-METHYL- 
HEXANE AND trans-1,3-DIMETHYLCYCLOPENTANE 


A study of the distribution of the material with respect to boiling 
point and refractive index (shown in figure 2) revealed that: (a) 
naphthenic material (presumably 1,1-dimethyleyclopentane [1]) was 
concentrating below 90° C; (b) paraffinic material (presumably 2- 
methylhexane [1]) was concentrating in the region 90° to 91.2° C; 
and (c) the volume of distillate dropped to a minimum at 91.2° C, 
with increasing naphthenic content. The material boiling from 90° 
to 91.2° C, therefore, contained 2-methylhexane and higher-boiling 
naphthenes. 

_ Correlation of the freezing behavior, boiling points, and refractive 
indices of fractions of the distillate, shown in figure 3, indicated that: 
(a) the material in the region 90° to 90.3° C was mainly 2-methy]- 
hexane; and (b) the distillate became enriched in naphthenic con- 
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stituents above 90.3° C, as evidenced by the rapid fall in the freeziny 
point and the rise in refractive index. The fractions boiling aboy, 
90.5° C did not yield crystals on cooling but froze to a glass. The 
facts prompted a search for a naphthene in the region slightly aboy, 
90.5° C and for a method of separating it from the 2-methylhexane. 
A binary mixture in which the paraffin hydrocarbon is the lowe. 
boiling component and the naphthene the higher can usually }, 
readily resolved by azeotropic distillation [23, 25, 26]. Methyl alcoh| 
was selected as the azeotropic agent here because it was know 
to form azeotropic mixtures with both naphthenes and paraffy; 
[11, 3, 24, 27, 28] and it had served to concentrate naphthenic materia! 
from the fraction boiling at 91.8° C (see sections Il and III). Ty 
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material boiling between 90° and 91.2° C, which on the basis of 
refractive index, boiling point, and freezing behavior was deduced ts 
be essentially a mixture of a lower-boiling paraffin and higher-boilin 
naphthenes, was accordingly processed by azeotropic distillation with 
methyl alcohol. A liter of this material was first distilled at atmos 
pheric pressure, and then redistilled with twice its volume of methyl 
alcohol in an azeotropic distillation. In figure 4 are shown the 
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results of the two distillations, with the boiling points of the fractions 
of oil from the normal distillation being compared with the boiling 
points of the fractions of oil obtained from the azeotropic distillation. 
The properties of the oil from the two distillations show that the 
separation by azeotropic distillation was far more efficient. The 
azeotropic distillates had boiling points of 57.0° and 57.45° C for the 
frst and last fractions, respectively. The ratio of oil to alcohol was 
about 6 to 4 throughout. Though the total boiling range of the 
azeotropic fractions was slightly less than the total boiling range of 
the material when distilled as oil, the azeotropic distillation gave a 
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Ficure 4.—Fractionation of the paraffin-naphthene mixture by distillation at 
normal pressure is contrasted to the fractionation of the oil by azeotropic distillation 
with methyl alcohol. 


The curves marked A refer to the oil fractions from the normal distillation and the curves marked B 
refer to the oil fractions obtained from the azeotropic distillation. ‘The scale of ordinates in the figure 
gives on the left the boiling points and on the right the refractive indices for the oil fractions from the 
two distillations. The scale of abscissae gives the volume of the oi] in milliliters. 

far better separation because of a more favorable relation between 

the liquid and vapor phases in the azeotropic system [23]. Similar 

behavior has been found in azeotropic distillations of other oil frac- 

tions with acetic acid [25, 26]. 

Further processing of the material boiling between 90° and 91.2° C 
by distillation with methyl alcohol and distillation as oil at normal 
pressure resolved this material into over 1% liters of a paraffinic con- 

entrate and % liter of a naphthenic concentrate. It was calculated 
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that the paraffinic concentrate contained about 75 percent of 2-methy). 
hexane, on the basis of the following properties: bp79, 90.0° to 90.2°¢. 
n*5, 1.387 to 1.388, fp(entire lot),—130° C. The naphthenic concgy, 
trate had the following properties: bpz—, 90.6° to 91.3° C; n%, 1.39 
to 1.402. A few of the fractions of higher refractive index from th, 
naphthenic concentrate gave freezing points near —150° C. Sing 
this was the first time distillate in this region was sufficiently enriche 
in a naphthene to crystallize on cooling, a program was outlined t) 
isolate this constituent by fractional crystallization. The separatig, 
and identification of this naphthene are described in the followin 
section. ’ 


V. ISOLATION AND IDENTIFICATION OF trans-1,3. 
DIMETHYLCYCLOPENTANE 


As previously stated, distillation with methyl alcohol succeeded 
concentrating about 750 ml of naphthenic material boiling in tl 
range 90.6° to 91.3° C. Only a few fractions of this material yielde 
crystals on cooling; those with a refractive index less than 1.401 ors 
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Figure 5.—Final distillation at 760 mm Hg of the best concentrate of trans-1,i 
dimethylcyclopentane. 


The scale of ordinates gives on the right the boiling points and on the left the refractive indices for the various 
distillate fractions. The scale of abscissae gives the volume in milliliters. The letters above the curve of 
a index refer to melting points. The arrow indicates the region of distillate that yielded crystal 
on cooling. 


boiling point greater than 91.2°C did not. In order to obtain 
sufficient quantity of material for the process of fractional crystallizi- 
tion, the saterial was further fractionated by azeotropic distillation 
This process yielded 350 ml of material which crystallized and which 
had the following properties: bp, 90.7° to 91.2°C; nj, 1.401 & 
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403; fp, about —150°C. This fraction was distilled at atmospheric 

pressure to remove any higher- or lower-boiling constituents and to 
rther concentrate the naphthene. ‘ 

The result of this distillation is shown in figure 5. The portion of 
he distillate marked by the arrows crystallized, while above and 
yelow these limits the distillate congealed to a glass. The letters 
hove the curve of refractive index identify fractions on which deter- 
minations of melting point were made. ‘These values were: a and 6 
mixed, —140.55°C; c, —140.74°C; d, —141.76°C. All of these 
actions were characterized by two breaks in the melting curve, the 
rst of which was approximately the same in each. 
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1auRE 6.—Time-temperature cooling and warming curves of impure trans-1,3- 
dimethylcyclopentane. 


he scale of ordinates gives the temperature in degrees centigrade. The scale of abscissae gives the time in 
minutes. The letters have the following significance: S, stirred with a cold rod to induce crystallization; 
RLA, changed from a cooling to warming bath; £, eutectic; J, melting point. 


The cooling and melting curve of the distillate fraction, labeled c 
figure 5, is shown in figure 6. The break in the curve, labeled £, 
idicates (at —143.5° C) the eutectic of the 1,3-dimethylcyclopentane 
the naphthene isolated from this material by fractional crystalliza- 
ion) with an additional constituent. It is not possible to say whether 
e eutectic formed here is between trans-1,3-dimethylcyclopentane 
nd trans-1,2-dimethyleyclopentane (the higher-boiling naphthene 


present in this fraction) or between trans-1,3-dimethylcyclopentane 


nd 2-methylhexane, as a theoretical calculation of the eutectic points 
f the two systems yields approximately the same result. The 
aphthene in excess of the eutectic proportion is shown by that part 
f the melting curve marked E to J. From a study of the curve, it 
an be estimated roughly that in fractional crystallization about 
ree-fifths of the material will be eutectic material. It is this un- 
bvorable relationship which later made the isolation of a sample of 
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higher purity practically impossible, because of the small amount of 
material. The fractions were studied by means of melting cury. 
rather than freezing curves, because it was observed that materia) 
close to eutectic composition became solid near the eutectic temper. 
ture and consequently the temperature of the initial freezing point 
the material was never realized. This effect has been observed }y 
others [26, 29]. : 

The middle portion (150 ml) of the distillate shown in figure 5 was 
mixed for crystallization because the composition of these fractions 
was approximately the same, as evidenced by their melting points 
From some “‘test tube’’ experiments, it was found that the materig| 
formed well-defined crystals when mixed with two volumes of liquid 
ethane and cooled to —170°C. The material was, therefore, frye. 
tionally crystallized with ethane as the solvent [21], and a 35-n) 
“crystal” portion was obtained which had properties substantially 
identical with those of inactive 1,3-dimethyleyclopentane synthesize 
by Chavanne [30] and by Evans [32]. The properties are listed jy 
table 1. 

TABLE 1.—Properties of trans-1,3-dimethylcyclopentane 





trans-1, 3-Dimethylcyclopentane 





From petroleum, Glasgow Zelinsky (31] 


Properties Cha- 





Extrapolated 
to a purity of 
100 percent 


Actual “‘best’’ 
lot ® 


Inactive. 


deztro-trans iene 


inactive 





90.87 0.10 
—136.3 +0.5 


Boiling point at 760 mm, 
°C 90.7 to 91.2) 90.9 to 91.4" 


b 90.90 +0. 03 


90. 7 
—137.2 +0.2 —136. 75 


0. 7403 +0. 0001 
- 7356 £0. 0001 


1. 4074 +0. 0001 
1, 4052 +0. 0001 


0. 7444 +0. 0005 
. 7397 +0. 0005 


1, 4088 +0. 0003 
1, 4066 -£0. 0003 


© 0. 7453 
©, 7408 


Critical solution in ani- 
line: 
Temperature, °C 61.5 +0.2 
Composition, mole frac- 
tion of hydrocarbon--- 0.42 +0. 02 
Analytical combustion, 
moles H20/moles COs- ./41. 01045 +0. 00006 


49.9 +0.5 























® Impurity (presumably about 0.073 mole fraction of 3-methylhexane and the remainder trans-1, 2-dimeth- 
yleyclopentane) estimated to be 0.10 +-0.02 mole fraction. 

b Determined by C. B. Willingham and F. D. Rossini. 

e Corrected to the given temperature or pressure from observations made at a slightly different tempers 
ture or pressure. 

4 Mean and mean deviation of 2 experiments (see text). 


Chavanne’s preparation can be shown to be trans-dl-1,3-dimethy!- 
cyclopentane by the following reasoning, which Zelinsky [31] applied 


to one of his synthetic preparations: The cis isomer of 1,3-dimethyl- 
cyclopentane cannot exhibit optical activity, whereas the tran 
isomer can exist in three forms, two optically active forms which are 
mirror images of each other and an inactive form which is the d 
mixture of these two. Zelinsky compared the properties of the 
trans-dextro form with those of an inactive form of 1,3-dimethylcyclo- 
pentane [31, 12] and concluded that the inactive form also had the 
methyl groups in the trans position. 
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Time-temperature cooling curves of the best lot of trans-1,3-di- 
methyleyclopentane are shown in figure 7. : The two cooling curves 
were obtained with different rates of cooling and are in excellent 
accord, though they are not sufficiently complete to permit estimation 
of the amount of impurity. 

The ratio of the number of moles of H,O to the number of moles of 
(0, formed in combustion was determined, as described in reference 
[33], to be 1.01040 and 1.01051. From this it was calculated that the 
amount of paraffinic impurity in this material was 0.073 mole frac- 
tion, with an estimated uncertainty of +0.005. Because of the likeli- 
hood that this material also contained a small amount of napthenic 
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FicurE 7.—Time-temperature cooling curves of trans-1,3-dimethylcyclopentane. 


The scale of ordinates gives the temperature in degrees centigrade. The scale of abscissae gives the time in 
minutes. The letters have the following significance: A, B, cooling curves on the same sample obtained 
by different gradients; S, stirred with cold rod to induce crystallization; SS, stirrer stopped. 


impurity, which would have the same value of carbon-hydrogen ratio 
as the main constituent, the amount of impurity in this best lot of 
trans-1,3-dimethylcyclopentane was estimated to be 0.10 +0.02 mole 
fraction. 


VI. RESOLUTION OF THE MATERIAL BOILING BETWEEN 
91.2° AND 92.2° C INTO CONCENTRATES OF trans-1,2- 
DIMETHYLCYCLOPENTANE AND 3-METHYLHEXANE 


The distribution of the material boiling between 91.2° and 92.2° C 
with respect to boiling point and refractive index is shown in figure 2. 
The largest amount of material distilled between 91.6° and 91.8° C. 
A calculation based on the refractive index indicated that this material 
contained approximately 60 percent of napththenic constituents. 

It was known at this stage in the investigation that trans-1,3- 
dimethyleyclopentane was present in this mixture, because it had 
been isolated from material which distilled between 90.8° and 91.1° C. 
Also, as pointed out in sections II and III of this paper, distillation 
with methyl alcohol served to concentrate some material of higher 
refractive index in the higher-boiling end. This distillate, which 
boiled 1° C higher than did the trans-1,3-dimethyleyclopentane, was 
assumed to be rich in a second naphthene. It was therefore concluded 
that, as normal distillate, the material was a mixture of at least two 
naphthenes and one paraffin. 
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All the material boiling between 91.2° and 92.2° C was systemat; 
cally fractionated. Ordinary distillation was alternated with ayo. 
tropic distillation with methyl alcohol. The azeotropic distillation 
served to separate the two naphthenes from the paraffin, and ¢}, 
normal distillation resulted in a partial separation of the trans.1 9. 
dimethyleyclopentane from trans-1,2-dimethylcyclopentane, whic) 
was concentrated at about 91.8° C. 

The results of two distillations on the same blend of this materia) 
are shown in figure 8, with the boiling points and refractive indie 
of the fractions from the normal distillation being compared with th: 
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Figure 8.—Fractionation of the paraffin-naphthene mixture by distillation at normal 


pressure is contrasted with the fractionation of the oil by azeotropic distillation 
with methyl alcohol. 


The curves marked A refer to the oil fractions from the normal distillation and the curves marked B refer 
to the oil fraction obtained from the azeotropic distillation. The scale of ordinates gives on the right 
the refractive indices and on the left the boiling points, for the oil fractions from the two distillations 
The scale of abscissae gives the volume in milliliters. 


boiling points and refractive indices of the fractions of oil from the 
azeotropic distillation. The properties of the oil show that the naph- 
thenic material was concentrated in the azeotropic distillation, whereas 
in the normal distillation the naphthenes were distributed over the 
whole range. The fact that the boiling range of the oil from the two 
distillations was approximately the same was in accord with the 
previous conclusion that this material contained two naphthenes and 
one paraffin. In the azeotropic distillate, the ratio of oil to alcohdl 
was approximately three to two and the minimum boiling point wa 
57.4° C for the material of lower refractive index and 57.65° C for 
that of higher index. The favorable relationship existing betwee 
the liquid and vapor phases in an azeotropic distillation produced 
separation in spite of the fact that the boiling range was small. 
The naphthenic concentrate obtained from the azeotropic distilla- 
tion was distilled normally as oil at atmospheric pressure in order t0 
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separate the naphthenes. The result of this distillation is shown in 
joure 9. . ° 

a partial resolution of trans-1,3-dimethyleyclopentane from the 
concentrate of the higher-boiling naphthene was effected by inter- 


locking the two types of distillation. A concentrate of the unknown 


naphthene was prepared which was partially freed of trans-1,3-dimeth- 
yieyelopentane. The isolation of this naphthene, which was later 
identified as trans-1,2-dimethyleyclopentane, is described in the 
following section. ; 

In a like manner, a paraffinic concentrate was obtained by exhaus- 
tive distillation with methyl alcohol followed by distillation of the oil 
portion of the azeotropic distillate at atmospheric pressure. The 
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Figure 9.—Fractionation of a concentrate of trans-1,2-dimethylcyclopentane by dis- 
tillation at normal pressure. 
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The scale of ordinates gives on the right the refractive indices and on the left the boiling points of the dis- 
tillate fractions. The scale of abscissae gives the volume of distillate in milliliters. The region marked 
by the arrow was redistilled, see figure 10. 


azeotropic distillation served to remove naphthenes and concentrate 
the paraffin. The normal distillation removed some 1,3-dimethyl- 
cyclopentane and lower-boiling material. By this process, about a 
liter of paraffinic concentrate was obtained which distilled between 
91.4° and 91.8°C. It was calculated, on the basis of refractive index, 
that this material was approximately 50 percent paraffinic. This 
was the stock from which 3-methylhexane was subsequently isolated 
(see section VIII). 


222120403 
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VII. ISOLATION AND IDENTIFICATION OF #trans-1). 
DIMETHYLCYCLOPENTANE 


The 0.5 liter of naphthenic material (indicated in figure 9) was jp. 
distilled with methyl alcohol to fractionate it further with respect to 
refractive index. The properties of the oil portion of the azeotropic 
distillate are shown in figure 10. The letters over the refractive. 
index curve refer to fractions for which values of the freezing pojni 
were determined. These were: a, —132.5° C; 6, —137° C; ¢ 
—142.5° C; d, —155° C. The fractions in the unlettered region cop. 
tained too little of this naphthene to give crystals, and congealed ty 
a glass on cooling. The rapid change in freezing points indicates tha 
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Figure 10.—Fractionation of a concentrate of trans-1,2-dimethylcyclopentane by 
azeotiropic distillation with methyl alcohol. 


The scale of ordinates gives on the left the boiling points and on the right the refractive indices of the oi] 
portions of the azeotropic distillate. The abscissae give the volume of oj] in milliliters. The letters over 
the curve of refractive index refer to freezing: points. 


° 


the system is a ternary one, and, further, that the naphthene in 
question is concentrating in the end fractions of this distillation. 
The difficulty of freezing the first 60 percent of the distillate is attnb- 
uted to the presence of the other naphthene, trans-1,3-dimethy!- 
cyclopentane. 

The distillate was further investigated as to its fractionation by 
crystallization. It was found that the portion of the distillate which 
gave freezing points yielded nice crystals on cooling 1 volume of oil in 
a mixture of 1 volume of propane and 3 volumes of methane [21]. 
These fractions were systematically crystallized from this solvent, 
and the “‘crystal’’ and mother-liquor portions obtained on centrifuging 
were analyzed to determine what separation had occurred. The 
“crystal” portions from fractions a and 6 gave freezing points about 
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5° C higher than the origina! material, whereas for fractions ¢ and d 
there was little or no difference between the freezing point of the 
“erystal” portion and that of the original fraction. The lower- 
freezing material failed to improve on crystallization, because its 
composition was close to that of a eutectic mixture. The “crystal : 
portions from fractions a and 6 were blended and recrystallized. 
The properties of the recrystallized material (bpz, 92.0° C; fp, 
_127° C;and n%3, 1.4075) indicated it to be impure trans-1,2-dimethy]- 
eyelopentane. The mother liquors from these crystallizations had 
boiling points as low as 91.4° C and were enriched in the lower-boiling 
naphthene, trans-1,3-dimethyleyclopentane. 

In order to prepare a purer sample of trans-1,2-dimethyleyclopen- 
tane, material with lower refractive index and poor freezing behavior 
was further processed by alternate distillations, as outlined in the 
previous section. In this way, 200 ml of naphthenic material was 
obtained which had the following properties: n?, 1.406 to 1.407; fp, 
—127° to —135° C; bpzeo, 91.8° to 92° C. Systematic fractional 
crystallization of this yielded finally a 50-ml crystal fraction of sub- 
stantially pure trans-1,2-dimethyleyclopentane. The physical proper- 
ties of this material are given in table 2. Excellent accord is observed 
between the properties of the material from petroleum and the syn- 
thetic material prepared by Chiurdoglu [35]. 

TABLE 2.—Properties of trans-1,2-dimethylcyclopentane 
| 


trans-1,2-Dimethyleyclopentane 


| ee 





From petroleum, Glasgow 
Properties eet ales 





; Chuirdo- | Chavanne 
Extrapolated to glu [35] [34] 

| purity of 100 

percent 


Actual ‘‘best’”’ 
ot ® 





Boiling point at 760 mm Hg, °C_-_- ‘ 691,89+0.01 | 91. 89--0. 02 78 91.8+0. 1 
Freezing point in air, °C. de —119.7540.10 | —119. 2540.15 —120 
Density, g/ml: 
At 20°C ; 0. 7506+-0. 0001 | 0. 7519-40. 0003 . 75137 0. 7495 
REMET Wi accanckesse . 7460-0. 0001 | . 747340. 0003 el (RE aees 
Refractive index, np: | 
At 20° C_. eee ish 1.4115+40.0001 | 1.412040.0001 | © 1.4121 1. 4126 
p\ +f * eee ‘ ich i 1, 4092+-0. 0001 | . 409740. 0001 a thie iin ale are 
Critical solution in aniline: | 
Temperature, °C SF ie A a 47.1+0.2 
Composition, mole fraction of hydrocar- 
DOM; | ..o< 0. 52-0. 03 0. 52-0. 03 
Analytical combus | 
ES Se ----| 4 1,0029--0. 0004 | 





46. 70. 3 47.0 








*Impurity (presumably 3-methylhexane) estimated to be 0.020 +-0.004 mole fraction. 

> Determined by C. B. Willingham and F. D. Rossini. 

* Corrected to the given temperature or wavelength from observations made at a slightly different tem- 
perature or wavelength. 

4 Mean and mean deviation of 2 experiments (see text). 


Time-temperature cooling and melting curves of the best lot of 
frans-1,2-dimethyleyclopentane are shown in figure 11. From these 
curves, the amount of liquid-soluble, solid-insoluble impurity was 
estimated [16] to be 0.016 +0.004 mole fraction.® 


* The value 1,540 cal/mole was used for the heat of fusion [36]. Recent unpublished work [45] indicates that 
the uncertainty assigned to this value may be appreciably greater than that given. 
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Two determinations of the ratio of the number of moles of H,0 t, 
the number of moles of CO, formed in combustion [33] yielded th» 
values 1.0032 and 1.00255. From these data, the amount of paraffini- 
material was calculated to be 0.020 +0.004 mole fraction. 
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FicuRE 11.—Time-temperature cooling and warming curves of trans-1,2-dimeth,- 

cyclopentane. 

The scale of ordinates gives the temperature in degrees centigrade. The scale of the abscissae gives th 
time in minutes. The letters have the following significance: S, stirred with a cold rod to jinduce cry 
tallization; SS, stirrer stopped. ‘ 

VIII. ISOLATION AND IDENTIFICATION OF 
3-METHYLHEXANE 





Alternate normal distillation and azeotropic distillation with methy! 
alcohol of the material boiling between 91.2° and 92.2° C produced a 
concentrate that was about 55 percent paraffinic. 

The fact that a change in pressure sometimes produces a favorable 
advantage in separation [37, 38] prompted a study of the change in 
boiling point, between 760- and 215-mm pressure, of the naphthenic 
and paraffinic constituents in this fraction. The difference in boiling 
temperature between the two pressures was found to be 37.4° C for 
the paraffinic constituents and 38.5° C for the naphthenic constitv- 
ents. These values were determined from the boiling points taken 
at the two pressures on samples of naphthenic and paraffinic concen- 
trates in this region. A correction was applied for the content o! 
paraffin and naphthene in the naphthenic and paraffinic samples, 
respectively, to arrive at this value for the difference in boiling points. 
The results of these measurements showed that distillation of the 
paraffinic concentrate at a pressure of 215 mm Hg should produce an 
increased fractionation because of the favorable displacement (approx- 
imately 1° C lower) of the boiling point of the naphthene with 
respect to that of the paraffin. Consequently, a concentrate of the 
paraffin that showed little resolution co oe distilled normally at at 
mospheric pressure or with methy] alcohol in an azeotropic distillation 
was redistilled alone at the reduced pressure. The stills used for al 
- this work had a separation efficiency of approximately 95 theoretical 
plates. 

The effective separations obtained in the azeotropic and reduced 
pressure distillations are shown in figure 12. It is apparent from the 
upper half of the figure that little resolution occurred when this par- 
ticular concentrate was distilled with methyl alcohol. From dats 
obtained later, this material was estimated to be about one-hal/ 
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snethylhexane and about one-fourth each of trans-1,2-dimethyl- 
yclopentane and trans-1,3-dimethyleyclopentane. In the lower half 
; figure 12, the properties of the distillate show that a very effective 
eparation of the paraffin and the naphthenes had occurred in the 
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IGURE 12.—F ractionation of the concentrate of 3-methylhexane by azeotropic distilla- 


tion contrasted to that obtained by distillation at 215 mm Hg. 


he upper half of the figure refers to the oil fractions from the azeotropic distillation and the lower half to 
those from the distillation at 215mm Hg. The scale of ordinates in the upper figure gives on the left the 
refractive indices and on the right the boiling points. The scale of ordinates in the lower figure gives on 
the right the boiling points as distillate (215 mm) and on the left the refractive indices and the boiling 
points determined at 760mm. The scale of abscissae gives the volume of oi) in milliliters. 


istillation at the reduced pressure. A calculation on the basis of 
fractive index showed that the initial fractions with indices as high 
n> 1.400 were about 65 percent naphthenic and that the residue 
as approximately 85 percent paraffinic. In fact, the properties of 
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his residue, When corrected for naphthenic content, agreed well with 
hose reported for synthetic 3-methylhexane. _ 

The upper half of the figure refers to the oil fractions from the 
zeotropic distillation and the lower half to those from the distillation 
st 215 mm Hg. The scale of ordinates in the upper figure gives on 
he left the refractive indices and on the right the boiling points. The 
ale of ordinates in the lower figure gives on the right the boiling 
noints as distillate (215 mm) and on the left the refractive indices and 
he boiling points determined at 760 mm. The scale of abscissae 
vives the volume of oil in milliliters. 

All of the paraffinic material was, therefore, distilled at a pressure 
f 215 mm Hg. The residues from these distillations were blended 
nd redistilled to obtain a best lot of 3-methylhexane. The result of 
his final distillation is shown in figure 13. 

The boiling points of the distillate from the distillation at 215-mm 
pressure were determined also at atmospheric pressure as an aid in 
ollowing the fractionation with respect to the normal boiling points. 
The scale of the curve of refractive index is enlarged so that small 
hanges in composition may be observed. A change in the refractive 

dex of 0.0025 corresponds to a change of approximately 10 percent 
between paraffinic and naphthenic content. 

A study of the distillation revealed that the lower-boiling paraffin 
»nd the naphthenes were preferentially concentrated in the first 40 
percent of the distillate. It was pointed out earlier in this section 
hat the difference in boiling points between 215- and 760-mm pressure 
yas about a degree greater for the naphthene than for the paraffin; 
hat is, in distillation at a pressure of 215 mm Hg, the trans-1,2-di- 
nethyleyclopentane boils about one degree lower than the 3-methyl- 
hexane, whereas the two hydrocarbons have the same boiling point 
tl atmosphere. There was obtained in this way one lot of material 
hat contained over 90 percent of 3-methylhexane. 

The concentrate marked “second best” in figure 13 was studied as 

possible fractionation in the solid phase. Experiments were made 
ith various solvents, and for one fraction cooled in a mixture of 
methane and ethane, some crystals were obtained. However, no 
ractionation was observed when the crystals were separated from the 
mother liquor. Further attempts to improve this concentrate were 
liscarded, because the purity of the best lot was sufficient to identify 
his paraffin as 3-methylhexane, which has been prepared in a state of 
high purity by Edgar and Calingaert [39]. 

The best lot was treated with silica gel to remove any cracked ma- 
rial (because it was composed of the end fractions in distillation), 
nd the physical constants were determined. 

Table 3 gives the properties of the 3-methylhexane from petroleum 
nd those of synthetic 3-methylhexane. Since this petroleum fraction 
howed no optical activity, the isolated 3-methylhexane must be the 
¥ mixture of 3-methylhexane. 

This sample exhibited the same behavior on cooling as has been 
ported for synthetic samples, namely, that on cooling it congeals to 
glass [39, 29, 40°]. Attempts were made to obtain. freezing points 
by special methods, such as trying to prepare crystals from solvents 
‘It is reported in this literature reference that 3-methylhexane has a freezing point of —119.4° C, as pub- 


Shed by Timmermans [42]. However, Timmermans [43] corrected this statement in a later paper by re- 
ting that 3-methylhexane freezes to a glass. 
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and then seeding with these crystals. In no case, however, Was 4 
freezing point realized. 

Two determinations of the ratio of the number of moles of H,0 th 
the number of moles of CO, formed in combustion [33] yielded ¢ 
values 1.1324 and 1.1332. From these data, it was calculated thy 
this material contained 0.070 +0.005 mole fraction of naphtheni, 
material. Because the possible paraffin hydrocarbons that might 
be present as impurity boil at least 2° C lower or at least 6° C high 
it is reasonable to assume that this best lot of 3-methylhexane eq, 
tained no other paraffinic material in significant amount. 


TABLE 3.—Properties of 3-methylhexane 





3-Methylhexane 





; From petroleum, Glasgow 
Properties 





Extrapolated t Caf = 

} - at y 0 alingaert 

ans — ‘best a purity of 100 “ 
percent > 





Pa eet LS © 91.97 +0. 02 91.96 +0. 07 491,88 
einedanbacc beSeehPeee cena (Gloag) |..2-0-p--nspi0s--| (Chal 


0. 6904 0.0001 | 0.6859 +0.0008 | 0,4 
a ci che Sint eb aint - 6866 +0. 0001 - 6821 +0. 0008 | oe 
C 1.3893 +£0.0001 | 1.3877 40.0005) 1.3%; 
Ne aan ici 1. 3871 +0. 0001 1. 3855 +0. 0005 |... 
Critical solution in aniline: 
ine crew mandi 69.1 +0.2 70.6 +0.3 | 70.5 
Composition, mole fraction of hydrocarbon --__--.-...-- , , 0.58 40.03  (.2 2. 
Analytical combustion, moles H:0/moles CO2_._....---- 137 . ee ee 














® Impurity (presumably trans-1,2-dimethylcyclopentane) estimated to be 0.070+0.005 mole fraction. 
. b The purpose of extrapolation to a purity of 100 percent was for comparison with the synthetic 3-methy 
exane. 
© Determined by C. B. Willingham and F. D. Rossini. 
4 Measured with a platinum resistance thermometer by Wojciechowski [44]. 
e Mean and mean deviation of 2 experiments. (See text.) 


IX. CONTENT OF 3-METHYLHEXANE, trans-1,2-DI 
METHYLCYCLOPENTANE, AND trans-1,3-DIMETHYL 
CYCLOPENTANE IN THE PETROLEUM FRACTION 


The 6.5-liter fraction distilling between 89.6° and 92.2° C at 76 
mm Hg (see figure 2) yielded about 1.6, 1.4, 1.5, and 2.0 liters 
2-methylhexane, trans-1,3-dimethylcyclopentane, 3-methylhexane 
and trans-1,2-dimethylcyclopentane, respectively. Referred to tle 
amount of n-heptane as unity, the relative amounts of these fo 
hydrocarbons in this petroleum are as follows: 2-methylhexane, 0.25) 
trans-1,3-dimethylcyclopentane, 0.21; 3-methylhexane, 0.25; tran 
1,2-dimethylcyclopentane, 0.31. A discussion of the accuracy 4 
these estimates is given in reference [41]. 
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SMALL INERTIA-TYPE MACHINE FOR TESTING BRAKE 
LINING 


By Rolla H. Taylor and William L. Holt 


ABSTRACT 


This paper describes a machine of the inertia type which has been developed 
and built for testing small samples of brake lining. The operation of the machine 
consists in bringing a flywheel up to a predetermined speed at equal intervals of 
time and stopping it by means of a brake mechanism which employs the lining 
under test. The machine is fully automatic in operation and was designed to 
permit the measurement of the coefficient of friction and wear of brake lining 
under a variety of test conditions simulating those encountered in service. The 
interval between stops, the speed from which stops are made, the pressure of the 
lining on the drum, and the moment of inertia of the flywheel may all be varied 
within limits. 'The machine has been used to determine the coefficient of friction 
and the rate of wear of a large number of brake linings. The temperature of the 
brake drum and lining probably affects the coefficient of friction more than any 
other factor. Tests have been made under three sets of conditions: (1) those in 
which the brake drum reaches a temperature of about 300° F; (2) those in which 
it reaches a temperature of about 500° F; and (38) those designed to show the effect 
of moisture. 

Some data are presented to show the effect of the smoothness of the surface of 
the brake drum on the rate of wear of brake lining. 
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2. Variations of coefficient of friction of brake lining 
3. Wear of brake linings 


I. INTRODUCTION 


This paper describes a machine developed at the National Bureau of 
Standards for testing brake lining. The intention was to construct 
a machine which would (1) be suitable for measuring the coefficient 
of friction and wear characteristics of brake lining under different 
conditions, (2) operate at low cost, (3) simulate the action of brakes in 

531 
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service, (4) give results comparable with service in a minimum amount 
of time with a minimum amount of attention, and (5) be adaptable fo, 
use in purchase specifications. diner 

The design of this machine is based upon inertia-testing machine 
such as are used by manufacturers of brake lining.’ It is smaller jy 
size, however, and is designed to employ relatively small samples of 
lining instead of complete brakes, as is common with the large 
machines. Tests have been made on a variety of types and kinds o} 
lining and tentative test conditions have been established for th. 
routine testing of linings.” 


II. DESCRIPTION AND OPERATION OF MACHINE 


The machine is of the inertia type, and the operation consis; 
essentially in bringing a flywheel up to a predetermined speed at equal 
intervals of time and stopping it by means of one of the two brake 
mechanisms which operate in the brake drums at the ends of the 
flywheel shaft. 

The machine and its control apparatus are shown in figure 1, and 
a supplementary diagrammatic sketch of the hydraulic-brake system 
is shown in figure 2. 


F 
“— 



































FigurE 2.—Diagrammatic sketch of hydraulic-brake system. 


Thrustor A raises thrustor lever arm B and sprocket C to lift weight D off its base KE. Weight D then 
pulls on chain F, which pulls on lever arm G pushing piston H into master cylinder J. This forces brake 
fluid through solenoid valve J or K to wheel cylinder LZ or M, thus forcing lining N or P against drum Q 
or R. Lining N is carried on brake arms S and lining P on brake arms T. 


A complete and separate brake unit is mounted on a tail stock at 
each end of the machine (fig. 1), enabling two samples of lining to be 
tested over the same period of time. These units are usually operated 
to make alternate brake applications. Either unit, however, may be 
operated to make consecutive applications when only one sample 's 
being tested. The actual braking is accomplished by hydraulically 
forcing two small pieces of lining against a standard brake drum. 

This machine was designed so that at comparable speeds the energy 
absorbed per square inch of lining in stopping the flywheel could be 
made equal to the energy absorbed in stopping an automobile. 4 
comparison between selected test conditions on one hand and service 
conditions of a passenger car on the other is given in table 1. Al- 


 Bockius and Hunt, Brake drum and lining development, SAE Journal, 37, 250 (July 1935). 
E. W. Sisman, Brake performance, Inst. of Automobile Engrs. Journal, 5, No. 3, 20 (Dec. 1936). 
* Procurement Division Specification No. 369 for brake lining. 
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Figure 1.—Inertia machine for testing brake lining. 


Brake arm. | 17. 
Brake-retracting spring. 18. 
Brake shoe. } 19. 


lail stock. 

5. Wheel cylinder. 

). Brake drum. 

7. Brake-drum hub. 
Extra flywheel weights. 
Flywheel weight frame. 
Flywheel. 
V-belt drive from main motor. 
Main shaft. 

3. Tachometer generator. 
Main bearing. 

15. Base 

16. Extra brake shoes. 


Stop bolt for brake arm. 
Shoe adjustment. : 
Automatic cut-off switch. 


. Solenoid valves A and B for opening pressure 


line to wheel cylinder. 


. Master cylinder. 
2. Thrustor. 
23. Counter. 
. Thrustor lever-arm. 
5. Adjustment spring for thrustor lever-arm., 
)}. Thrustor weight frame. 
. Weight bucket. 


Auxiliary fan for cooling main motor. 


29. Weight to release brake lever-arm. 
. Brake lever-arm. 
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Figure 1 (Coutinued).—Controls for automatic operation of machine for testing 
brake lining. 


31. Synchronous motor for driving timing unit | 38. 


32. Auxiliary relays 

33. Gear train 

34. Timing unit 

35. Cam-operated mercury switch for starting main 
motor. 

36. Cam-operated mercury switch for opening sole- 
noid valve A 

37. Cam-operated mercury switch for opening sole- 
noid valve B, 


3Y. 


Jack switch for selecting solenoid valve 
tion. 

Start-stop switch for automatic cut-off! relay 

Resistance for controlling speed from w 
stops are made 


. Automatic switch for thrustor 


Automatic switch for main motor. 
Automatic cut-off relay 
Vacuum-tube control unit 

Push button for driving chart at high speed. 


. Speed-time recorder. 
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though most tests are made under the conditions indicated in this 
table, the machine incorporates features which enable tests approxi- 
mating many other service conditions to be made. 


TABLE 1.—Comparison of test conditions with service conditions 





Condition 


Conditions of test on 
machine 


Service conditions with 
automobile 





Weight of car. --- 

Moment of inertia of flywheel 

Total effective area of lining used in making a stop-- 

Effective area of lining in each brake _- cere 

Diameter of brake drum 

Effective diameter of tir 

Speed ...------------------- te 

eS ee a reer AS AS 

Average effective pressure of lining on brake drum. 

Total kinetic energy at given speed 

Kinetic energy absorbed per square inch of lining 
during time of brake application 

Assumed coefficient of friction of lining 

Time of stopping 

ao 

Deceleration of brake drum_____-_.----- 


LC 


| ee 


| | See 


€ 


21,700 ft-lb... 
2,712.5 ft-lb 
a... 


6.9 sec... _- 


_.| 9.1 radians/sec ?____.---..- 


9.1 radians/sec ?_ ____- 


3,600 Ib. 


120 in.? 4, 
30 in.’ 
10 in. 


-| 29.3 in. 


52. 2 mph. 
600 rpm. 

75 |b/in.? *, 
325,500 ft-lb. 


-| 2,712.5 ft-lb. 
6.40. 


-| 6.9 sec, 


11.1 ft/see 4. 
9.1 radians/sec ?. 
Depends on service con- 


Frequency of stops can 
be regulated to produce 
any estimated 
temperature. 


Temperature cf brake drum 
ditions. 
service 











® Estimated. 


1. SUMMARY OF VARIABLES 


The principal adjustments which may be made are as follows: 

1. The moment of inertia of the flywheel may be varied from 11 
slug va to approximately 20 slug ft? by adding weights (8)* to the 
flywheel. 

‘2. The force on the brake shoe may be varied from 0 to approxi- 
mately 600 Ib. 

3. The speed from which stops are made may be set at any point 
up to 600 rpm. 

4. The intervals between brake applications may be made 4, %, 1, 
1%, or 2 min. 

2. FLYWHEEL AND DRIVING MOTOR 


The flywheel (10) is essentially a steel disk 30 in. in diameter and 

1.9 in. thick, mounted, together with the pulley for a V-belt drive 
(11), on a 2.5-in. shaft between two self-alining roller bearings (14). 
It is driven by means of 4 V-belts from a 220-volt, a-c, 3-phase, induc- 
tion motor, rated at 10 hp and 1,750 rpm, capable of being started by 
a line switch (42). An auxiliary cooling unit (28) is provided for the 
driving motor, to prevent oy: ::.ating under the frequent starting and 
stopping of the machine. Ti: - init consists of a 10-in. blower, driven 
by a ¥-hp motor, so connected that the artificial ventilation aids the 
natural ventilation. 
_ The moment of inertia of the rotating system can be increased from 
its minimum value of 11 slug ft? in steps of approximately 1.25 slug ft? 
toa maximum of about 20 slug ft? by adding the requisite number of 
disks (8). These disks are ¥ in. thick and 30 in. in diameter and are 
stored on a frame attached to the base of the machine. They may be 
slipped over the flywheel hub and bolted to the flywheel. 


onseoesianiiesinhinonitisis 
+ Numbers in parentheses correspond to the numbers shown in figure 1. 
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3. BRAKE UNITS 


The two brake units are identical. The drums (6) of centrifused. 
cast iron, 10 in. in diameter, and designed for lining 2 in. wide, are 
bolted to hubs (7) on the ends of the flywheel shaft. Each brake jg 
mounted on a tail stock which may be pulled away from the drums to 
give access to the brake shoes. Each brake employs two shoes (3) 
which are rigidly bolted to the brake arms (1) in such a way that they 
will fit into the brake drum and be diametrically opposite. Each 
brake arm consists of an A-shaped frame, which is pivoted on a shaft 
at the base of the tail stock. This shaft is parallel to the main shaft. 
The shaft for each arm acts as a bearing and anchor about which the 
arm may turn, and is centered directly below the midcontact point of 
the lining with the drum. If small samples of lining are employed, this 
type of mounting reduces the effect of self-energization * to a negli- 
gible amount (see section V) and makes a measurement of coefficient 
of friction possible. 

One piece of lining is fastened to each shoe. Each piece (16) 
ordinarily has 4 in.? of contact surface and is cut with a small additional 
lip on each end to permit it to be clamped onto the shoe. 

A retracting spring (2) is connected across the top of the two brake 
arms on each unit to insure brake release. Each spring exerts a pull 
of about 50 lb. 

By providing appropriate hubs, other brake drums may be used. 
If the diameter of the brake drum is changed, it is necessary to use 
shoes with the proper radius of curvature, to shift the bearings of the 
brake arms to lie below the midcontact points of the lining with the 
drum, and to install longer pressure arms for the wheel cylinder. 


4. BRAKE-ACTUATING SYSTEM 


The brakes are actuated by a hydraulic system, shown schematically 
in figure 2. This system consists of a standard automobile master 
cylinder (21), two standard straight-bore wheel cylinders (5), two 
high-pressure solenoid valves, and the necessary connecting tubing. 
The master cylinder is actuated by a dead weight (27) connected to 
the brake lever-arm (30) by means of a chain and sprocket. This 
weight rests on a base until brake application is desired, at which 
time an oil-pump device, termed a thrustor (22), pushes up the 
thrustor lever-arm (24) and the sprocket sufficiently to lift the weight 
off its base. The force due to the weight is then transmitted through 
the chain to the lever-arm (30) and hence to the piston of the master 
cylinder. Thus, the brake is applied and the flywheel is brought 
to rest. The force exerted on the drum by the lining is dependent 
upon this weight and is limited in amount by the load the thrustor 
will lift. The maximum value is approximately 600 Ib per shoe, 
or 150 Ib/in.?, based on 4 in.’ of lining. The force generally used is 
300 lb per shoe, or 75 |b/in.? 

Each wheel cylinder is connected through a separate solenoid 
valve to the one master cylinder. These solenoid valves are closed 


4 If the frictional force on the brake shoe exerts a moment about the bearing of the brake arm, the braking 
force is increased or decreased depending on the direction of the moment. This effect is known as “‘self- 
energization.” 
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unless energized. Thus, either brake may be applied as desired by 
energizing the proper valve.° 

In order to cut down the shock of brake application and to increase 
the uniformity of force on the brake, two adjustable springs (25) are 
connected between the thrustor lever-arm (24) and the thrustor 
weight frame (26). These springs can be adjusted so that at the 
maximum lift of the thrustor lever-arm the chain will be at right 
angles to the brake lever-arm (30). 


5. CONTROL APPARATUS 


The control apparatus consists of a timing unit (34), a tachometer 
venerator (13), and a vacuum-tube control unit (44), together with 
the necessary relays and switches. 

The operation of the machine is fully automatic once the control 
circuits are closed, except that to obtain records of deceleration for 
calculating the coefficient of friction the high-speed chart drive on 
the recorder must be manually operated. As will be seen in section 
VI, these records usually need be taken only during the first part of a 
series of stops while the brake lining and drum are heating up. When 
records for determining the coefficient of friction are not desired, an 
unlimited number of stops can be made at equal intervals without 
attention. 

The cycle of operations is as follows: 

1. The timing unit (34) starts the main motor, which drives the 
flywheel (10) by means of the V-belt drive (11): 

‘2. While the motor is bringing the machine up to speed, the timing 
unit opens the proper valve (20) to cause application of the desired 
brake. 

3. When the machine gets up to speed, the vacuum-tube control 
unit (44), responding to the increased voltage from the generator (13) 
cuts off the driving motor and starts the thrustor (22); applying one 
brake. 

4, When the machine stops, the control unit, responding to the 
reduction of the voltage from the generator to zero, interrupts the 
thrustor circuit, releasing the brake. 

5. About 20 sec after the brake has been applied, a period sufficiently 
long to permit any lining under a force of 300 lb to stop the flywheel 
from 600 rpm, the timing unit allows the solenoid valve to close. 

6. The cycle is then repeated as many times as desired. 

The timing unit consists essentially of three mercury switches 
operated by three cams. One switch (35) starts the driving motor 
and the other two (36, 37) open and close the respective solenoid 
valves (20) in the hydraulic circuit at the proper time. The cams are 
all mounted on the same shaft and are driven by a synchronous 
motor through a reduction gear box and an adjustable gear train 
(33). Brake applications may be made at different time cycles by 
changing the gears on this train. For normal testing, the machine 
isstarted once every *% min and each brake is applied alternately 
once every 1 min. 

‘The present valves have a maximum recommended working pressure of 300 |b/in.2, Valves designed for 


greater working pressures would be desirable, but would probably have to be specially constructed, since 
they do not seem to be stock items. 





536 Journal of Research of the National Bureau of Standards {yy 


The tachometer generator is driven ° from the flywheel shaft by , 
1 to 1 ratio. Internal gears in the generator drive the armature shaf; 
at twice the flywheel speed. A potential of approximately 18 yolj; 
is generated when the flywheel is running at 600 rpm. ; 

The vacuum-tube control unit consists of a cutoff circuit and q 
brake-release circuit. Each contains a number 57 vacuum tube and 
a sensitive relay. Each relay operates when the plate current in the 
tube of its particular circuit reaches about 3 milliamperes. Th» 
circuits are so designed that the voltage from the tachometer gep. 
erator regulates the plate current in both tubes. In the cutoff circyit 
the plate current increases as the tachometer voltage increases, and jy 
the brake-release circuit the plate current decreases as the tachometer 
voltage increases. An adjustable resistance (40) regulates the plate 
current in the cutoff circuit and hence the speed from which stop; 
are made. 

The relays in the control circuit operate two auxiliary relays (32) 
which control the main switches (41, 42) for the thrustor and the 
driving motor. The cutoff relay operates the auxiliary relay which 
cuts off the main motor and energizes the thrustor. The brake. 
release relay operates the auxiliary relay which cuts off the thrustor, 
The starting of the main motor is accomplished by the timing unit, 
as previously explained. 

In addition to the regular controls for operating the machine, there 
are a number of safety controls designed to prevent damage in case of 
any trouble. A stop bolt (17) is placed in each brake arm to limit the 
arm movement and thus prevent the piston of the wheel cylinder from 
pushing too far out, in case a condition should arise in which the brake 
drum does not limit the movement of the shoe. An automatic cut- 
off switch (19) is connected to each brake arm. Its function is to open 
the automatic cutoff relay (43) if a lining comes off or if the lining 
wear becomes great enough to permit the brake arms to be forced out 
beyond a certain predetermined limit. The opening of this relay stops 
the timing unit and consequently the functioning of the machine. 
A thermal guard in the driving motor also opens this relay if the motor 
gets too hot. A mechanical interlock between the driving motor and 
thrustor automatic switches prevents the motor and the thrustor from 
operating at the same time. 


6. RECORDING APPARATUS 


The recording apparatus is a speed-time recorder with a record 
chart that can be driven at two different speeds. The chart is normally 
driven at % in./hr by a synchronous clock; but when a record of the 
deceleration is desired, the chart may be driven at % in/sec. by a syn- 
chronous motor which is cut in by a manually operated switch. The 
recording pen is controlled by the voltage from the tachometer 
generator. 


6 The chain drive shown in fig. 1 has been replaced by gears since the photograph was made. 
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III. METHODS OF CALIBRATING MACHINE 
1. MOMENT OF INERTIA OF FLYWHEEL 


The calibration of the flywheel for moment of inertia was made by 
spplnaon of data measured with a prony brake to the following 
prmulas: 
; Let 7T)=total retarding torque in pound feet 
T,=retarding torque in pound feet due to friction and 
windage. 
T,, T;, Ts, ete.=applied prony brake torque in pound feet. 
IJ=moment of inertia of flywheel in slug feet squared. 
o, 2, 3, etc. =deceleration of flywheel in radians per second per 
second when torques 7), 72, 73, etc., are applied. 
From the general formula for torque and angular motion the total 


retarding torque is 
T= T,+-T;=Ieu, (1) 
T,=Ia,—T;. (2) 
T,=Ia—T;, (3) 
T3==Ia3;— T;. (4) 


or 
Similarly, 
and 
Therefore, assuming 7’, constant, any two values of 7’ may be com- 
bined to eliminate 7’,, for instance 
T;—T,=I(a,— a), 
[= (T,—T)/(a,:— a2), 


in which case formula 5 gives a true value for J. Actually, 7, decreases 
slightly with a decrease in speed; but by selecting large values of 7}, 
T, etc., relative to 7;, the error introduced is negligible. 


2. FORCE ON BRAKE SHOES 


The force on the brake shoes (F,) was measured by means of two 
calibrated test rings arranged with linkages in such a way that actual 
brake application forced the shoes against the links and deflected the 
rings. Lead weights were added to or taken from the weight bucket 
(27) and the corresponding deflections noted. 


IV. MEASUREMENT OF COEFFICIENT OF FRICTION 


The values of coefficient of friction sought for brake linings are not 
the constant values obtained under static conditions but rather the 
variable values obtained under different operating conditions. Con- 
} sequently, consideration should be given to its value during each stop 
of a series of successive stops. The actual determination of these 
characteristics is made by applying data measured on the machine to 
the following formulas. 


Let u=the coefficient of friction at any instant during the braking 
period. 
222120—40-——4 
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ua=the average coefficient of friction during the braking period 
=the force on the shoe in pounds per shoe, a constant during 
the braking period. 
F,=the force due to friction in pounds per shoe at any instant 
T= 7,+ T;= total retarding torque in pound feet. 
T,;=the average friction and windage torque in pound feet. 
{=the moment of inertia of the flywheel in slug feet squared, 
a=the deceleration of the flywheel in radians per second pe 
second at any instant. 
a,=the average deceleration in radians per second per second 
during the braking period. 
Aw=the change of speed of flywheel in revolutions per minute 
during the time At. 
At=the time in seconds required for a change in speed of Aw, 
t=the time in seconds for a complete stop. 
D=the diameter of brake drum in feet. 
By definition, 
u=F,/F, (6) 


From a consideration of mechanics and the machine construction the 


brake torque 
1=2F,D/2=F,D 


Then from formula 1 in section III-1, 
T.= T; + T= Ta 


Therefore, 
F,.D=Ia—T, or F,=(Ia—T;)/D. 


Then by substituting this value of F, in formula 6, 
u= (Ia—T)/DF,= (La/DF,) — (T;/DF). (10) 


Formula 10 is a general formula from which calculations of coefficient 
of friction may be made. In all regular tests the values J, D, and F, 
are maintained constant and a is determined from the speed-time 
curve recorded by the speed recorder. 7’, was found to be 5.5/lb-ft 
and was determined as subsequently described. If average values of 
coefficient of friction are sought, formula 10 may be rewritten as 
ta= (La,/DF;) —(T;/DF,). (11) 


But 
a,g=27Aw/60At, (12) 


which may be substituted in formula 11 to get 
Ha= (2x Aw/60DF,At) — T,/DF;,. (13) 


Formula 13 is the one actually used to calculate the coefficient of 
friction, and it may be simplified by putting in the constant values 
for I, D, F, and T;. Most tests at the present time are made with 
I=11 slug ft?, D=5/6 ft, F,=300 lb, and 7,=5.5 lb-ft. It is impor 
tant to note that here, as in the calibration of the flywheel for moment 
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of inertia, 7 may be considered constant when, and only when, the 
retarding torque due to brake application is large in comparison with 
that due to friction and windage. If this were not the case, the 
variations in 7, would have to be taken into account in the following 
formulas. ‘Thus, formula 13 becomes 


__ 2XrXiil Aw _—5.8 
Ha 50 < (5/6) X300°* At — (5/6) X300 





Aw 
= oe 99 
0.004615"—0.022. (14) 
If stops are made from 600 rpm, the average coefficient of friction 
for a complete stop becomes 


" 
p= 0? _ 9.029, (15) 


If made from 450 rpm, it becomes 


2.07: 
bta== * 3 _ 0.022. (16) 


The relation between the coefficient of friction, ye, as calculated 
from formulas 15 and 16, and the time, ¢, for a complete stop is shown 
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‘1GURE 3.—Calculated curves for determining coefficient of friction from the stopping 
time for stops from 600 and 450 rpm. 


n figure 3. The coefficient of friction corresponding with the time 
or stopping read from the speed-time curve may then be taken 
irectly from figure 3. 


V. EFFECT OF SELF-ENERGIZATION 


The effect of self-energization on the machine may be determined 
rom a consideration of the forces and moments in the brakes and of 
he schematic diagram shown in figure 4. 


Let o=center of the brake drum. 
b=center of surface of contact between lining and drum. 
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a=anchor point of brake shoe. 
r=radius of brake drum. 
L=length ab, which is vertical and is perpendicular to ob. 
w=width of lining. 
2c=length of lining. 
P=applied pressure in pounds per square inch assumed to by 
normal between the lining and the drum. 





DIRECTION OF 
DRUM ROTATION 





FiGuRE 4.—Schematic diagram of the brake forces about the anchor point of th 
shoe. 


o, center of drum; b, center of contact surface of lining with drum; a, anchor point of brake shoe; r, radius 
of drum; L, length ad; F, tangential or frictional force of the drum on the lining per unit length. 


u=coefficient of friction between the lining and drum. 
F=wPy=tangential or frictional force of the drum on the 
lining per unit length of lining. 


For any increment length of lining rA@, the frictional force is Friv. | 
The moment of the force about the point a (fig. 4) can be obtained by 
the use of the horizontal and vertical components of the force, re- 





Teplor| 
Holt 


Machine for Testing Brake Lining 541 
spectively, Yr sin @A4@ and Fr cos@ A. The horizontal component 
gives @ moment ¢ i 
” Fr sin 6(£-+r sin @)A@ (17) 
which is counterclockwise for positive values of 6 and clockwise for 
negative values of 6. The angle @ is taken as positive when it is 
measured upward from the line 0b. The vertical component 

Fr cos 6(r—r cos 6) A (18) 


always gives a clockwise moment. Combining these moments and 
taking counterclockwise moments as positive, one obtains 


Fr(L sin 6—r cos 6+7r)A0. (19) 


The total moment about the point a, for the entire block of lining of 
length 2c, is given by 


6=-+c/r 

Fr(L sin 6—r cos 6-+-r)dé. (20) 
=—c/r 

Integrating formula 20, one obtains 


2Fr[c—r sin (c/r)]. (21) 
But one may write 


sin (c/r) =e/r—1/6(c/r)®+1/120(e/r)'—+ ... (22) 
and since ¢/r is considerably less than unity, terms containing c/r to 
powers of 5 or higher are negligible. Therefore, the total moments 
due to self-energization may be written as follows: 


2Fr[e—e+1/6(e/r’)}, 
1/3(Fe'/r). 


(23) 


Substituting the actual numerical values from the following, 


F=wPy=2X75xX0. 4=60 
c=1 in. 

r=65 in. 

w=2 in. 

P=75 |b/in.? 

u=0. 40 

L=13.8 in. 


the moment becomes 
(1/3)60(1/5) =4 Ib-in. (24) 


The increase of horizontal force of the lining against the drum which 
would produce an equivalent moment is 


4/L= (4 lb-in.)/(13.8 in.) =0.29 lb. (25) 
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But this force is negligible in comparison with the 300-lb force on the 
shoe normally used, and, furthermore, it is well within the limit of 
accuracy in measuring the force on the shoe; hence one may conclude 
that the effect of self-energization is negligible. 

The calculations were only for the shoe at which the motion of the 
drum surface is downward. However, both sides of the brake are 
symmetrical, and it may be shown that the effect of self-energization 
is the same in value for the shoe at which the motion of the drum 
surface is upward; but its sign is opposite, and it will be subtracted 
from the force on the shoe instead of added to it. 

If the anchor point (a) (fig. 4) were shifted by a small amount (z) 
to some other point (a;), so that a,b is not perpendicular to bo, the 
foregoing calculations do not hold. By a similar mathematical de- 
velopment, however, it may be shown that the self-energization for 
this case becomes 

Fe’ /3r+ F2(2e—ce*/3r’), (26) 


where z is the displacement of the anchor point from a to a, in inches, 


If the same numerical values used in calculating eq 24 are substituted 
in eq 26, one obtains a moment of 


(4+119.2z7) lb-in. (27) 
about a; or an equivalent horizontal force of 


(0.29++8.752) Ib 


acting with or against the 300-lb applied force, depending on which 


shoe is considered. 
VI. DISCUSSION OF TESTS AND RESULTS 


1. TEMPERATURE OF BRAKE LINING AND DRUM DURING TESTS 


During the operation of the brake-lining test machine, the factor 
which probably causes more variation in the coefficient of friction than 
- other is the variation in temperature. 

f a test is started with the brake lining and drum at room ten- 
perature and stops are made at equal intervals of time from a definite 
speed of the flywheel, the temperature of the brake lining and drum 
will get successively higher with each stop until a temperature is 
reached at which the energy dissipated by conduction, convection, 
and radiation of heat from the lining and drum is equal to the energy 
given up by the flywheel. If the interval between stops or other 
conditions are changed, a higher or lower temperature may be reached. 
In the results shown in this section, the interval between stops has 
been adjusted to obtain a particular temperature. No external heat 
was used. The temperatures here given were measured with an iron- 
constantan thermocouple hard-soldered to a small piece of spring 
brass which rode lightly on the drum directly behind the brake shoe. 
This method of measuring temperatures gives values which are relative 
but are probably slightly less than the true temperature at the face 
of the lining during its contact with the drum. Measurements of 
temperatures by this method agree closely with values obtained by 
placing a thermocouple between the lining and the drum under 
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ressure at the instant the drum is brought to rest or by placing a 
thermocouple in the lining with the junction exactly at the face of the 
lining. Furthermore, readings are readily reproduced and are more 
convenient to make. 


9. VARIATIONS OF COEFFICIENT OF FRICTION OF BRAKE LINING 


The coefficient of friction of a sample of brake lining was ascertained 
by three conditions of test, each of which was designed to show a 
particular tendency. (1) Several series of stops were made from 600 
rpm at 1}4-min intervals to show how the friction varied under normal 
conditions. During each series the temperature increased from that 
of the room to approximately 300° F. This temperature was about 
the maximum at which most linings could be tested and still give 
comparable values of coefficient of friction over a series of runs as 
the temperature increased from that of the room to the maximum. 
(2) Forty stops were made from 600 rpm at }-min intervals to show 
the tendency of a lining to fade’? when operating under more severe 
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Figure 5.—Coefficient of friction characteristics of a woven brake lining. 


Eight separate runs were made during a total of 2,658 stops, the drum and lining being cooled to approxi- 
mately room temperature between each run. All stops were made from 600 r pm, except that the first 10 
stops of the moisture test were made from 450 rpm. ‘The moisture test was made immediately after soaking 
lining in water for 2 hrs, 


conditions. The temperature rose to approximately 500° F during 
this part of the test; this temperature is considered to be critical for 
many linings. (3) The effect of moisture on brake lining was deter- 
mined by making 100 consecutive stops at 1-min intervals immedi- 
ately after immersing the lining in water for 2 hr. The purpose of the 
moisture test was to determine the tendency of a lining to grab.® 
But the amount of moisture required to show this tendency was 
usually very critical, and the test had to be performed in such a way 
that the lining would dry slowly and not pass completely through the 
critical condition during one or two brake applications. Conse- 
quently, the severity of the test was reduced by making the first 10 
stops from 450 rpm instead of 600. The remainder of the stops were 
made from 600 rpm to show how quickly the friction characteristic 
returns to normal. 

’A lining is said to fade when the coefficient of friction decreases rapidly to a low value. 


§ A lining is said to grab when the coefficient of friction gets high enough to cause excessive brake-retarding 
torque with small brake pressures, 
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Figures 5, 6, and 7 illustrate the results obtained for three brake 
linings tested in this way. The variations in the coefficient of friction 
shown are typical of those usually found for brake linings. As judged 
by a proposed specification,® the linings represented by figures 5 and § 
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Figure 6.—Coefficient of friction characteristics of a nonwoven brake lining. 


Eight separate runs were made during a total of 2,490 stops, the drum and lining being cooled to approxi- 
mately room temperature between each run. All stops were made from 600 rpm, except that the first 10 
— of the moisture test were made from 450 rpm. The moisture test was made immediately after 

ing the lining in water for 2 hr. 





20 
9 


9035 
908 
91S 
1885 











De lie8e 





“4 














COU 








b 
wo 
OLOs—, 901 














ao 
I 


m 
(3) 






































& 
re} 
+4 
~ i 
L 


4 
° 
4 
9 


2720) 





‘20200 


} 


—\—|2734 


| 


t—42750 


| 








| 
| 


—t+-—4 2030 
| 

—j——_ 20.45 
Fae 
| 

—j— 2800 


2721 
—— 2724 


col 
Ol : 
wee 


se 
| 











fet 








Zz 
- 
om 
¥ 
a 
uw 
w 
Oo: zp 
dis 
y 
— 
¥ 
& ¢ 
uw 
w- 
°. 
2] 




















REUHBE ASS Pt 
ri [| | ; ae 
Figure 7.—Coefficient of friction characteristics of a woven brake lining. 


Eight separate runs were made during 2,892 stops, the drum and lining being cooled to approximately 
room temperature before each run. All stops were made from 600 rpm, except that the first 10 stops of the 
moisture test were made from 450rpm. The moisture test was made immediately after soaking in water 
for 2hours. Comparison with figure 6 shows that the coeflicient of friction is subject to larger variations. 





























are considered to have reasonably uniform friction while that repre- 
sented by figure 7 has relatively irregular friction. The range of the 
coefficient of friction of the latter for the 14-min-cycle runs is too great; 
it fades too much on the 4-min cycle and goes too high on the moisture 
part of the test. 


* Procurement Division Specification No. 369 for brake lining. 
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Apparently the way in which the coefficient of friction varies as 
consecutive stops are made is a function of temperature and is charac- 
teristic for each lining. In general, the coefficient of friction of a non- 
woven lining will increase with a moderate rise in temperature while 
that of a woven lining will decrease. This is not always the case, 
however, as evidenced by figure 7. The coefficient of friction obtained 
during the 1-min-cycle series of stops repeated itself quite closely 
for each run as the temperature of the lining and drum increased. 
During the 4-min-cycle stops, however, the temperature reached was 
sufficient to alter the surface of many linings and a temporary change 
in the friction took place until the affected part of the lining was worn 
away. ‘Temperature ceased to be the predominating factor for the 
first part of the moisture test and the effect obtained was due mostly 
to water. This condition prevailed until the lining was well dried and 
heated, at which time the effect of temperature on the coefficient of 
friction again became apparent. 


3. WEAR OF BRAKE LININGS 


Wear is a function of the drum surface, and some reliable standard 
must be established if a wear test is to be made with assurance of its 
value. 

At the present time, all tests are made with drums that have been 
wet-ground by means of a vitrified silicon-carbide wheel. These 
drums all seem to be of about the same relative smoothness, and the 
indications are that they give uniformly relative results. 

The rate of wear was calculated by dividing the change in thickness 
of the lining during the test by the number of stops made. Thickness 
measurements were made with a ratchet micrometer (caliper) at four 
designated points on each piece of lining at the beginning and at the 
end of each test. At least 2,000 stops were made during each test. 

Wear tests have been made with new drums, drums turned in a 
lathe, and ground drums of various degrees of smoothness. Of these, 
the tests made with turned drums gave the most variable results as 
well as the greatest wear. Figure 8 shows the results of tests made on 
five different linings with three distinctly different drum surfaces. 
These results indicate the wide variation that may be expected with 
nonuniform drum surfaces. 

Smooth drums will cause a lining to wear much less rapidly than 
rough ones and, in general, will give more nearly uniform results. 
Furthermore, the change in the rate of wear during a test is con- 
siderably greater with a rough drum. Sometimes as much as 4,000 
or 5,000 stops are required before the drum will be smoothed up 
enough to give consistent results. On the other hand, a relatively 
smooth surface, such as surface C figure 8, will cause much less wear, 
the change in the rate of wear will be much less, and only a few hundred 
stops are required before consistent results will be obtained. 
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Ficure 8.—The effect of drum surfaces on the wear of five brake linings. 


The rates of wear shown by curves A, B, C are, respectively, for new, dry-ground and sanded, and wet- 
ground drum surfaces. 


The advice and cooperation of members of the Brake Lining Manv- 
facturers Association in the design of the machine, and the assistance 
of Lawrence A. Wood in laying out the control circuits are gratefully 
acknowledged. 


Wasuineton, March 8, 1940. 





U. §. DEPARTMENT OF COMMERCE Nationa Bureau or STANDARDS 
RESEARCH PAPER RP1298 


Part of Journal of Research of the National Bureau of Standards, Volume 24, 


EFFECT OF PAINT ON THE SOUND ABSORPTION OF 
ACOUSTIC MATERIALS 


By V. L. Chrisler 


ABSTRACT 


A brief discussion is given of the properties of a material that cause it to absorb 
sound. Photographs are shown and the results of sound-absorption measure- 
ments are given for a number of different types of material before and after paint- 
ing. A brief discussion is given of the kind of paint which should be used and 
how it should be applied to minimize the effect of the paint on the acoustical 
properties. 
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I. INTRODUCTION 


One of the serious maintenance problems which arises where acoustic 
treatment has been used is that of cleaning and redecorating. This 
is particularly true where indirect lighting is used, as a dirty ceiling 
decreases the illumination by a considerable amount. A search 
through the literature reveals very little information on this subject. 
Books on architectural acoustics and acoustic treatment barely 
mention the painting of acoustic material. The only paper dealing 
with the subject with which the author is familiar is one by F. C. 
Atwood.'| This article was published several years ago, and there 
have been many changes in acoustic materials since that time. 

During the past few years a number of acoustic materials have been 
painted at the National Bureau of Standards and have been tested 
for sound absorption both before and after painting. As a result of 
this work, it has been found that when the materials are clean, that is, 
when the pores are not clogged with dirt, a number of coats of paint 
can be applied on many materials without seriously decreasing their 
sound absorption. If similar results are to be obtained on material 
which has been installed for several years, the dust should be cleaned 
thoroughly from the surface before the paint is applied. 

The object of this paper is to indicate to what extent paint can be 
applied to different types of materials and, by a series of photographs, 
to show the appearance of the different surfaces before and after 
painting. 

' National Paint, Varnish, and Lacquer Association, Washington, D. C., The Valuation of Paints for 
Acoustical Treatments, Circular 445 (Nov. 1933). 


547 





548 Journal of Research of the National Bureau of Standards  {vu,. 
II. HOW SOUND IS ABSORBED 


Before going into the details concerning the application of the paint 
it is desirable to consider the different methods by which sound may 
be absorbed and what effect the application of paint can have on 
these different methods of absorption. 

When one thinks of a sound-absorbent material he generally 
thinks of some material that is porous and in which the sound js 
absorbed because of the porosity of the material. A large number of 
the materials which are now sold as acoustic materials do depend to g 
considerable extent for their sound absorption on the porosity of the 
materials. A few of these materials have very large pores which are 
so interconnected that the sound absorption can be increased to 
limited extent by partly closing the pore openings at the surfaces, 
Other materials have small openings which are not so well inter- 
connected, with the result that the sound absorption is decreased 
as soon as any of the pore openings are closed. Owing to these 
differences, the effect of a coat of paint in changing the absorption 
due to porosity varies considerably for different types of material, 
For instance, a material with large pores may have the absorption 
increased by the first few coats of paint, but finally a stage will be 
reached where the absorption begins to decrease. The point where 
this loss in absorption begins depends upon the frequency of the sound, 
always showing up first at the higher frequencies. Materials with 
alee which are not intercommunicating may have a considerable 
number of pores closed with the first coat of paint. In this case one 
would expect to find a decrease in the sound absorption of the material 
on painting. 

Sound may also be absorbed by setting the material into damped 
vibration as a diaphragm, the more the damping the greater being 
the absorption. Likewise, a soft material may absorb sound by 
inelastic yielding. When the sound is absorbed by one of these 
methods, the effect of paint is quite different from that when it is 
applied to a material where the absorption is entirely due to porosity. 

here there is a damped vibration of a diaphragm, the maximum 
absorption occurs at a frequency equal to the natural frequency of 
the diaphragm and the absorption decreases at frequencies both 
above and below the natural frequency. When paint is applied, there 
is a slight increase in weight and in many cases an increase in stiffness. 
As a result of these changes, the frequency at which maximum absorp- 
tion occurs will be changed; but in some cases the average absorption 
may remain about the same. 

When the absorption occurs in a soft material because of an in- 


elastic yield, this can be taken as a yum case of a damped vibration 


of a diaphragm—that is, the natural frequency has approached zero. 
Today it is seldom that a material of this type is found, but a few 
years ago a very common treatment was hair felt on which was glued 
a painted membrane. After a few coats of paint were applied, the 
pores were completely sealed. Under these conditions most of the 
absorption was due to an inelastic yield of the felt. In this case 
additional coats of paint increased the weight and stiffness of the 
surface oe and, as a result, decreased the absorption of the 
material. 
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III. DISCUSSION OF EXPERIMENTAL RESULTS 


Since the various methods by which sound is absorbed have been 
discussed, the next step is to determine how the different types of 
material are affected by the application of paint. All the samples 
described in this paper were painted with an interior flat white paint. 
In the past, other types of paints have been used, but the samples had 
not been preserved. A photographic study of those samples is there- 
fore impossible. In examining the numerical results, it appears that 
approximately the same results are obtained whether a cold-water 
casein paint or an interior flat paint is used. It is apparent, however, 
that the manner in which the paint is applied is of considerable impor- 
tance, except for materials having a perforated surface with the per- 
forations so large that the paint will not film across the openings. 
For other materials to which the paint was applied with a spray gun, 
the results indicate that the paint should be applied as a fine spray 
and the quantity applied should not be sufficient to film across the 
fibers or grains in the acoustic material so as to form a solid film. A 
similar situation exists when the paint is applied with a brush. The 
paint should not be excessively thick and it should be applied in such 
a manner as to film across the pores as little as possible. Most of the 
results given in this paper are for samples to which the paint was 
applied with a brush, as this represents the worst condition. A much 
better painting job, as far as appearance is concerned, can be done on 
most acoustic materials with a spray gun, and as a rule the sound 
absorption is decreased by a smaller amount when the paint is applied 
with a spray gun than when applied with a brush. 

The illustrations at the end of this paper show the extent to which 
the paint films across different types of surfaces. Table 1 gives the 
sound absorption coefficients of the materials shown in the photo- 
graphs before and after painting, and table 2 gives the amount of 
paint used. The paint used in each case was a flat white interior 
oil paint and is one of the well-known brands of interior paint. When 
the paint was applied with a brush, it was thinned slightly by adding 
10 percent of turpentine by volume, with the exception of sample 7. 
In this case 25 percent of turpentine by volume was added. When 
applied with a spray gun, the paint was thinned by adding 50 percent 
of turpentine by volume. The quantities of paint given in table 2 
are the quantities of mixed paint. 

To determine the hiding power of the paint, it has been our practice 
to obtain a reasonably white surface, then to paint black stripes across 
the face of the acoustic material and determine the number of coats 
of white paint required to hide the black stripes. The results of this 
test are given in table 2. 

Samples / and 2 are representative of materials made from a wood 
fiber similar to fine excelsior. They comply with the requirements in 
Federal Specification SS-A-118 for Type VII. As the surface of 
this material was not white, it was necessary to apply one coat of 
white paint before the black stripes were applied. The four additional 
coats of white paint indicated in table 2 failed to hide the black com- 
pletely. To clams complete hiding, it was necessary to apply one 
more coat of paint. If this material had been spray painted, it would 
have been easier to hide the black, the reason being that the black 
paint was applied with a \-in. brush, which covered the sides as well 
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as the top of the fibers. When a larger brush was used for the sub. 
sequent white coats, the tendency was to paint only the top of th, 
fibers. If the white paint had been applied with a spray gun, it wou 
have been possible to cover the sides of the fiber and a much better 
result could have been obtained with less paint. 

Figure 1 shows the general appearance of this type of materia] 
Figure 2 shows the fibrous appearance of the surface magnified aboy; 
1% times. Figure 3 shows the appearance of the surface after fiy, 
coats of paint have been applied with a brush. 

The values of the sound-absorption coefficients for these samples 
given in table 1 are rather surprising. As indicated by figure 3 an¢ 
shown by an examination of the material, a large number of the surface, 
pores have been filled. As a result of this surface film, sample {q 
absorbs considerably less sound at the higher frequencies than th 
unpainted sample. This same effect is also noticeable on sample 2, 
but to a smaller degree. The most surprising result is the decide) 
increase of absorption at 512 cycles per second. It would appear that 
this type of material has a structure in which the space between the 
fibers are so open and intercommunicating that 2 maximum absorption 
can be obtained at this frequency by partially closing the surface 
pores. Such a statement is not true for most of the other types of 
materials. 

When acoustic materials are used in offices or similar places for 
noise reduction, it has been noticed that the sensation of quietness 
depends to a considerable extent upon the acoustic material being 
efficient at the higher frequencies. This being the case, the actual 
value of an acoustic treatment which might be represented by sample 
Ja has decreased more than would be indicated by the change of the 
noise coefficient from 0.60 to 0.55. 

Sample 3 is one of the incombustible materials of Type VI as 
described by Federal Specification SS-A-118. In this case the black 
stripes were again applied after the first coat of white paint. The 
four additional coats hid the black. Figure 4 shows the general ap- 
pearance of this type of acoustic material. Figure 5 shows the surface 
appearance of this material magnified about 1% times. Figure 6 shows 
how the surface appears after five coats of paint have been applied 
with a brush. 

It will be noticed that the fine surface pores have been closed and 
there has been some loss of absorption at the higher frequencies. The 
larger openings, which give the fissured effect, are still open, and it 
would require a considerable number of additional coats of paint to 
close these openings. It is also of interest to note that the internal 
structure of this material is different from samples 1 and 2, and that 
there is not the large increase in absorption at 512 cycles. 

Sample 4, as shown in figure 7, is representative of the material 
described as Type V in Federal Specification SS-A-118. Figure 8 
shows the surface appearance of this material magnified about 14 
times and figure 9 the appearance after brush painting with four coats. 
The surface finish as received from the manufacturer was white, hence 
the ‘395 stripes were applied before the white coats of paint were 
applied. 

ample 5, as shown in figure 10, is a material which is classified 8s 
Type VIII in Federal Specification SS-A-118. This sample had what 
has been termed a “brushed” surface and is not typical of the materials 





Effect of Paint on Acoustic Materials 551 


Christer] 


srouped under Type VIII. Many of the materials have a sanded 
surface, and when paint is applied it films over much more easily 
than on the sample shown as 4. Figure 11 shows the surface of this 
material magnified three times. This material is made of wood fibers, 
as were samples 1 and 2, but of a much finer fiber; and when the fibers 
are felted together, the openings between the fibers are much smaller 
than for samples 7 and 2. Owing to the finer pores between the 
fibers, this material does not show an increase in absorption at 512 
evcles when paint is applied. In fact, when it was brush painted with 
five coats, there was a decrease in absorption at this frequency; but 
at 128 cycles the absorption has been increased by the painting. It 
is also to be noticed that the brush painting increased the absorption 
at this frequency more than the spray painting. 

Figures 12 aud 13 have the same magnification as figure 11 and show 
the appearance of the surface of this type of material after it has been 
spray painted with seven coats and brush painted with five coats, 
respectively. ae 

It can be seen that the spray painting has left the surface of this 
material quite open and that there is only a slight decrease in absorp- 
tion at the higher frequencies. The brush painting has closed up a 
large portion of the surface, and on the average there has been a con- 
siderable decrease in sound absorption. When the material which 
was photographed for these prints is examined it is noted that the 
spray painting gives a much better appearing material than does 
brush painting. In fact, this is true of all of the materials discussed 
in this paper except samples 3 and 6. 

Sample 6, as shown in figure 14, is a material which has been classi- 
fied as Type VI in Federal Specification SS-A-118. Figure 15 shows 
how this surface appears when it has been magnified 1% times. This 
material was painted by the manufacturer. Figure 16 shows the 
appearance of the surface after it has received four additional coats of 
paint. Judging from the previous samples, it would not be expected 
that the absorption of this material would be appreciably decreased 
by the added paint; but referring to table 1, it is found that there is 
an presen A, 1 of absorption particularly at the higher frequencies. 
This is probably due to the fact that pores between the relatively large 
ei 9 are not as intercommunicating as those in the previous 
samples. 

Samples 7 and 8 are of an acoustic material which is applied with 
an air gun, and the surface appearance after painting is shown in 
figures 17 and 18. The magnification in this case is two-thirds. 
This material is of such a nature that it can be applied to give a num- 
ber of different surface textures. Figure%17fshows what the manu- 
facturer termed a “‘travertine’’ finish and figure 18 a smooth finish. 
Both these samples were applied directly on metal lath. For the 
unpainted sample the absorption must take place by all three methods 
discussed in the first part of this paper, as the material is porous, soft, 
so that it yields easily to the sound pressure, and relatively thin and 
light, so that it vibrates easily as a diaphragm. 

Sample 8a, which had been brush painted with four coats in addition 
to the paint applied by the manufacturer, had a paint film which was 
almost continuous, there being only an occasional opening about the 
size of a pinhead. ‘This means that nearly all absorption by porosity 
was destroyed. Also, the paint film was so stiff that there was little 
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yielding or vibration as a diaphragm at the higher frequencies, jj), 
the result that the absorption coefficients for these frequencies wor, 
quite small. At the lower frequencies this is not true, and the absorp. 
tion has not been materially affected by the paint. 

The principal difference between 7a and 8a is that the paint filz j; 
broken at many points on 7a. The surface of this sample was rough 
and had numerous depressions, which prevented the painter from 
obtaining a continuous paint film when the paint was applied with 
a 3%-in. brush in the usual manner. As a result of these openings, ; 
considerable amount of the sound energy was absorbed because oj 
the porosity of the material, and there was not as much loss in absorp. 
tion at the higher frequencies as there was for sample 8a. 

Sample 9 is representative of Type II materials as described by 
Federal Specification SS-A-118. The surface texture is also similar 
to that of most of the acoustic plasters. The absorption of this type 
of material is largely due to the porosity of the material. Figure 19 
shows the appearance of the surface after it has been magnified 14 
times. It will be noted that there are numerous small openings be. 
tween the surface particles. Figure 20 shows the appearance of the 
surface after it has been brush painted with five coats. The small 
openings which could be seen before painting are now almost con- 
pletely covered with a paint film. As shown in table 1, the absorption 
of this type of material is lost to a large extent as soon as sufficient 
paint is applied to form such a film. 

It should be possible to paint this material more successfully with a 
spray gun, but considerable care should be taken not to apply too 
much paint in any one coat. After a few coats, however, such a 
material will film across with a resulting loss in absorption. 


IV. SUMMARY 


The results given in this pape are not as complete as might be 


desired, but the materials on which results are given are quite repre- 
sentative of most of the acoustic materials which are on the market 
at the present time. Some of these materials can be painted with 
only one or two coats before there is a noticeable decrease in the 
sound absorption of the material, whereas other materials can be 
painted many times before the acoustic properties of the materials 
have been decreased. In practically all cases, however, considerable 
care must be taken as to how the paint is applied. 

A comparison of the results given in this paper with the results of 
various paint tests which have been published in the Bureau Letter 
Circulars on sound absorption coefficients issued during the past 10 
years indicates that about the same results are obtained, whether the 
paint is a cold-water paint or an interior flat paint. In other words, 
if the paint is thinned to some extent before being applied and each 
coat is applied thin enough so as not to form a film across the surface, 
the principal factor which affects the decrease in absorption is the 
amount of pigment that is deposited on the surface. When a thin 
coat of paint is applied, most of this pigment is deposited on the top 
and sides of the surface particles or small projections on the surface 
of the acoustic materials. Additional coats continue to build up this 
amount of pigment. When the pore openings are very small, one 0! 
two coats may be sufficient to build this pigment deposit across{the 





Journal of Research of the National Bureau of Standards Research Paper 1298 


Figure 1.—(eneral appearance of samples 1 and 2. 





Journal of Research of the National Bureau of Standards 





» . hk J . - 


: N 


Sih AK AN ora Ae 


ars P=? ee v A Nhe ‘uae 


Figure 2.—Surface appearance of samples 1 and 2 when unpainted and magnifi 
124 times. 
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Surface appearance of samples 1a and 2a when brush painted five coats 
and magnified 173 times. 
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FIGURE 6.—Surface appearance of sample 3a when brush painted five coats 
magnified 173 times. 
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FiGgurE 8.—Surface appearance of sample 4 with R. I. finish when magnified 1 
times. 
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Figure 9.—Surface appearance of sample 4a when brush painted four coats and 
magnified 124 times. 
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Figure 11 Surface 5 
.—Surface appearance of sample 5 when unpainted and magnified three 
times. aia 
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FiGguRE 12.—Surface appearance of sample 5a when spray painted seven coats | 
magnified threg times. 
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Figure 13.—Surface appearance of sample 5b when brush painted five coats and 
magnified three times. 
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Figure 14.—General appearance of sample 6. 
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“Surface appearance of sample 6 as painted by manufacturer when 
magnified 173 times. 
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Figure 16.—Surface appearance of sample 6a when brush painted four additional 
coats and magnified 123 times. 
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FicurE 17.—Surface appearance of sample 7a when brush painted four additional 
coats and magnified two-thircs times. 
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Figure 18.—Surface appearance of sample 8a when brush painted five additional 
coals and magnified two-thirds times. 
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Fiagure 19.—Surface appearance of sample 9 when magnified 1% times. 
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Figure 20.—Surface appearance of sample 9a when brush painted five coals a 
magnified 174 times. 
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opening. When the pore openings are larger, more coats of paint are 
required before this deposit of pigment will close the openings. 

The manner in which the paint is applied is also important, that is, 
whether the paint is applied with a brush or with a spray gun. It is 

ossible to obtain a more uniform coating of the surface particles or 
projections when the paint is applied with a spray gun than when 
applied with a brush ; likewise, more coats of paint are required before 
the pigment builds across the pore openings. 


TABLE 1.—Sound absorption coefficients of test panels 





Sound absorption coefficients at 
frequencies (cycles per second )— 
Surface finish 





128 1,024 | 2,048 | 4,006 








Unpainted 0.09 | 0. 0.89 | 0.73 | 0.73 
Brush painted 5 coats Ss ae 83} .61] .30) .22 


Painted by manufacturer ee . ae ‘ sat sae? 
Brush painted 5 additional coats or . ‘ -92| .62] .62 


Unpainted » Sie ‘ 84] .75 | .63 
Brush painted 5 coats pe P -61 | .49 


R. I. finish eae ‘ ‘ .59 |) .42 
Brush painted 4 coats <i . é R -63 | .37 


Unpainted E 7 ‘ , ; 4 
Spray painted 7 coats ; : ; ‘ -71 | .67 
Brush painted 5 coats . R 7 ‘ .34] .36 


a 22 2s ae 


B33 


Painted by manufacturer. _--_-_.......-...-- ‘ ‘ E r -53 | .63 
Brush painted 4 additional coats ; ‘ ‘ . 81] .39 


Unpainted ‘ - Z . -78 | .75 
Brush painted 6 coats d ® , i -53 | .59 


Painted by manufacturer ‘ ; ‘ ‘ 61] .52 
Brush painted 4 coats , a . sae ae 


Painted by manufacturer ‘ ; ‘ P -60 | .68 
Brush painted 5 additional coats F ' R - -18| .2 





























TABLE 2.—Amount of paint applied per coat to test panels 





Number of gallons of mixed paint used per 1,000 sq ft 
applied for coat No.— 
Sample Method of painting 





3 4 5 
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PECTIC SUBSTANCE IN COTTON AND ITS RELATION TO 
THE PROPERTIES OF THE FIBER* 


By Roy L. Whistler, Albert R. Martin, and Milton Harris ! 


ABSTRACT 


Evidence is presented which indicates that a pectin-cellulose compound does not 
exist in native cotton fibers and that the pectic substance is present as the insoluble 
salt of polyvalent ions. Replacement of these ions by sodium or ammonium 
renders the pectic substance soluble. 

Cotton freed of pectic substance with alkali showed no significant change in 
tensile strength or in viscosity, whereas treatment of the fibers with acids, which 
removed only a small proportion of the pectic substance, produced an appreciable 
lowering of these two properties. 

When dewaxed fibers were dispersed in cuprammonium hydroxide solutions, it 
was found that a small portion remained insoluble. Analysis of the material 
showed it to consist practically entirely of pectic substance. A consideration of 
these results led to the conclusion that pectic substance does not contribute to the 
viscosity of cuprammonium dispersions of cotton. Determinations of the viscos- 
ities of cuprammonium solutions to which had been added pectic material from 
different sources substantiated this conclusion. 


CONTENTS 


I. Introduction 
II. Materials and methods 
III. Experimental results and discussion 
1. Extraction of pectic substance from cotton by different reagents_ 
(a) Sodium hydroxide 
(b) Ammonium hydroxide 
(c) Water 
(d) Ammonium oxalate 
(e) Acetic acid 
(f) Concentrated hydrochloric acid 
2. State of the pectic substance in cotton fibers 
3. Relation of the pectic substance to the properties of cotton fibers_ 
4. Behavior of cotton fibers in cuprammonium hydroxide solutions_ 
IV. References 


I, INTRODUCTION 


Polyuronides in the form of pectic substance? have long been 
known to be present in naturally occurring cotton fibers. The current 
concepts regarding the location of this substance in situ, indicate at 
least two divergent viewpoints. Anderson and Kerr [1],’ for example, 


*This paper was presented before the Cellulose Division at the ninety-ninth meeting of the American 
Chemical Society, Cincinnati, Ohio. 

' Research Associates at the National Bureau of Standards, representing the Textile Foundation. 

‘In the present paper, the term “pectic substance’’ is used to denote that carbohydrate component of 
native cotton which is characterized by the presence of uronic acid groups [3]. 

‘Figures in brackets indicate the literature references at the end of this paper. 
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have recently presented evidence based on staining reactions and J. 
ubility tests which indicates that the pectic substance is restricted t) 
the primary wall. On the other hand, Farr and Eckerson [2] state 
that they believed the pectic substance to be the material covering 
the cellulose particles, the cellulose fibrils, as well as the fiber itselj 
The differences in these concepts necessarily led to very different cop. 
clusions concerning the influence of the pectic substance on many of 
the important properties of cotton. : 

Since the experimental evidence on which the previous viewpoints 
were based was essentially of a qualitative nature, it appeared that 
more precise information concerning the role of the pectic substance 
could only be obtained by a quantitative approach to the problem, 
The principal difficulty heretofore encountered in attempts to do this 
has been the lack of a reliable method for the quantitative estimation 
of the pectic substance in the presence of other carbohydrate material, 
Recently, however, a new method [4] was developed which permits 
the accurate determination of small amounts of uronic acids even ip 
the presence of large proportions of cellulose. This development has 
made possible the present investigation, which concerns itself with 
(a) an examination of the state of the pectic substance in native cot- 
ton fiber, (b) its ease of removal by various reagents, (c) its behavior 
in cuprammonium hydroxide solutions, and (d) its influence on such 
important properties of the cotton as tensile strength and fluidity in 
cuprammonium hydroxide solution. 


II. MATERIALS AND METHODS 


The cotton used in these experiments was furnished by the Bureau 
of Agricultural Economics, United States Department of Agriculture, 
It was of the Missdel-7 variety, grown at the Delta Experiment Sta- 
tion at Stoneville, Miss., and had been ginned and twice carded but 
had received no chemical treatments. 

The cotton was dewaxed by extraction with cold alcohol and with 
ether for 24 hours each. The dewaxed cotton had a copper number 
of 0.18, a cuprammonium hydroxide fluidity of 0.95 rhe, a tensile 
strength of 89,300 Ib/in.?, and a uronic acid content equivalent to 2.4 
mg of carbon dioxide per gram of cotton. On the basis of these 
—-, it may be considered to represent a high-grade natural cellu- 
ose. 

The copper numbers were determined by a modification [5] of the 
Schwalbe-Braidy [6] procedure. In order to insure more uniform con- 
tact of the cellulose and reagent, the fibers were ground in a laboratory 
Wiley mill until they passed through a No. 20 screen. 

Most of the measurements of the fluidities of the dispersions of cotton 
in cuprammonium hydroxide solutions were made according to the 
recommendations of Mease [7]. This procedure is essentially that 
set forth by the Fabrics Research Committee (London) [8], except 
that the higher concentration of ammonia originally recommended 
by Clibbons and Geake [9] was used. The cuprammonium hydrox- 
ide solution contained 240 +5 g of ammonia (NH;), 15 +0.1 g of cop 


per, and 1 g of sucrose per liter. The concentration of nitrite was less 
than 0.5 percent. In the present paper, this solution will hereafter 
be referred to as cuprammonium hydroxide solution A. All measure: 
ments were made on 0.5-percent dispersions of cotton at 21° C. 
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In some of the experiments, a second cuprammonium hydroxide 
solution, prepared according to the specifications set forth by the 
Division of Cellulose Chemistry of the American Chemical Society 
[10] was used. This solution contained 30 +2 g of copper, 165 +2 g 
of ammonia, and 10 g of sucrose per liter. The concentration of nitrite 
was less than 0.5 percent. In the present paper, this solution will 
hereafter be referred to as cuprammonium hydroxide solution B. 

Uronic acid determinations were made according to the method 
developed by Whistler, Martin, and Harris [4]. This procedure de- 
pends upon an examination of the rate at which carbon dioxide is 
evolved from a sample during treatment with a boiling solution of 
12-percent hydrochloric acid. The results are recorded either as 
milligrams of uronic acid-carbon dioxide per gram of material, or as 
percentage of pectic substance. The latter value was obtained by 
multiplying the value for carbon dioxide (in percent) by the factor 
4.8 [4]. 

} measurements were made by the improved Chan- 
dler bundle technique [11].‘ 


III. EXPERIMENTAL RESULTS AND DISCUSSION 


1. EXTRACTION OF PECTIC SUBSTANCE FROM COTTON BY 
DIFFERENT REAGENTS 


The experiments listed in this section are concerned with a variety 
of treatments to which cotton fibers have been subjected for various 
purposes in the course of several different investigations in progress in 
this laboratory. Accordingly, the conditions are not strictly com- 


parable, and furthermore no attempt was made to remove all of the 
pectic substance with each of the reagents used. However, the appli- 
cation of the new method for the determination of uronic acids to the 
treated samples has made it possible to evaluate quantitatively the 
efficiency of the different reagents, and for that reason, it appeared 
advisable to include the results in the present paper. 


(a) SODIUM HYDROXIDE 


The treatment of cotton with a boiling 1-percent solution of sodium 
hydroxide has been recommended [12] for the preparation of standard 
cellulose. In an earlier investigation [4], it was found that cotton 
purified in this manner is free from uronic acids. In order to study 
the efficiency of the removal of pectic substance under these conditions, 
samples of cotton were seine treated for different lengths of time. 
The procedure was essentially the same as that described by Corey 
and Gray [12], except that the apparatus of Worner and Mease [13] 
was employed. The extreme rapidity with which these solutions 
remove the pectic substance from cotton is shown by the uronic acid 
determinations in table 1 and figure 1. Since the carbon dioxide- 
rate curves for the samples treated for periods of % hour or longer are 
the same and no longer exhibit the initial rapid rise characteristic 
of uronic acids, it appears that removal of the pectic substance is 
essentially complete in % hour. The good agreement between the 
data for the samples treated for periods of 4 hour or longer is indica- 
tive of the reproducibility of the results obtained by this method. 


‘ Thanks are due Robert W. Webb and Enoch Karrer, of the Division of Cotton Marketing, United States 
Department of Agriculture, for making these measurements. 





558 Journal of Research of the National Bureau of Standards 


[Vol. 





5 
v 











TIME IN HOURS 


FicuRE 1.—Rate of evolution of carbon dioxide from dewaxed cotton and from cotton 
extracted for different lengths of time with a boiling 1-percent solution of sodium 
hydroxide. 

Curve A represents the rate of evolution from raw dewaxed cotton; curve B, the values for a sample 


treated for 10 minutes, and curve C the value for samples of cotton treated for }4, 2, 4, and 7% hours, The 
points for these samples on curve C were so close together that only one set is plotted in the figure. 


TABLE 1.—Amount of carbon dioride evolved, as a function of time, from cotton which 
had been extracted for different lengths of time with boiling 1-percent solutions of 
sodium hydroxide 





Length of time of extraction with sodium hydroxide 





Duration of digestion with HC] 


0 br. ¥% br. ¥ br. 2 hr. 4 74 br. 





mog/ 


mg/g mg/9 
0. 0.13 . 15 0.30 
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1.91 























Cold solutions of sodium hydroxide were much less efficient in 
removing the pectic substance from the cotton. This was demonstrated 
by immersing samples for 20 hours in a 1-percent solution of sodium 
hydroxide at 30° C. The usual precautions to exclude oxygen from 
the system were taken. The alkali solutions were always saturated 
with nitrogen and kept under nitrogen during the time they were in 
contact with the fiber. After these treatments, the samples wer 
thoroughly washed with a cold, 1-percent solution of acetic acid and 
then with water. Analyses showed that the sample still contained an 
amount of uronic acid equivalent to 1.2 mg of carbon dioxide per 
gram of cotton. From a comparison with the value of 2.4 mg pet 
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cram for untreated cotton, it appears that only about 50 percent of the 
pectic substance was removed by the alkali under these conditions. 


(b) AMMONIUM HYDROXIDE 


Dewaxed cotton lost only about 10 percent of its pectic substance 
during extraction for 18 hours with a cold (0° to 3° C) 2-percent solu- 
tion of ammonia. However, when the cotton was first deashed by one 
of two treatments, to be described later, the pectic substance was 
readily removed under the same conditions. The solubility of the 
pectic substance of deashed cotton is striking, and as will be shown in 
section 2, use may be made of the phenomenon to isolate the pectic 
substance from cotton fibers. 


(c) WATER 


Cold water was found to be ineffective for removing pectic substance 
from native cotton, and hot water was only slightly more effective. 
A sample of dewaxed cotton, extracted with distilled water at 90° to 
95° C for 16 hours, yielded 2.1 mg per g of uronic acid-carbon dioxide. 
This is equivalent to a loss of approximately 12 percent of pectic 


substance. 
(4) AMMONIUM OXALATE 


Ammonium oxalate solutions have been widely used as solvents 
for the extraction of pectic substance from fibers, fruits, etc. A sample 
of the dewaxed cotton was therefore subjected to two successive 8-hour 
extractions with 0.5-percent solutions of this reagent at 75° to 80° C. 
The treated samples were washed with distilled water until oxalate 
iron could no longer be detected in the washings. Analyses of the 
treated material showed that it retained only 0.3 mg of uronic acid- 
carbon dioxide per gram, and that about 90 percent of the pectic 
substance was removed by the above treatments. 


(e) ACETIC ACID 


A boiling 1-percent solution of acetic acid was found to remove less 
than 50 percent of the pectic substance in 8 hours. On the other hand, 
cotton treated overnight at room temperature with a 96-percent solu- 
tion of acetic acid ® for the purpose of lowering its ash content showed 
no loss in pectic substance. 


(f) CONCENTRATED HYDROCHLORIC ACID 


A sample of dewaxed cotton was allowed to stand at room tempera- 
ture (about 30° C) in a hydrochloric acid solution of sp gr 1.18 for 4 
hours. During this treatment, the fibers were degraded to a fine 
meal which was difficult to filter from the acid solution. The sepa- 
rated material was washed with water until free of acid and air dried. 
Analyses of the residue indicated that it had lost only about 20 percent 
of its pectic substance. 


‘ This concentration was suggested by C. B. Purves, of the Massachusetts Institute of Technology, since 
hehad found that with higher concentrations of acetic acid, some acetylation of the fiber occurred. 
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2. STATE OF THE PECTIC SUBSTANCE IN COTTON FIBERS 


Although some naturally occurring pectic substance is soluble jy 
warm water, the modification most often encountered is not readily 
dissolved and appears to become soluble only after chemical trea}. 
ment. The insoluble material as it exists in the native state has bee 
termed protopectin [3]. This substance, on chemical treatment, jg 
presumably converted to a soluble pectic substance. It is in respec 
to the nature of the insoluble form of pectin that many differences of 
opinion have arisen. 

Some investigators [14, 15] believe that a pectin-cellulose compound 
exists, which must first be hydrolyzed, before extraction of the pectin 
is possible. For example, Carré [16] has shown that pectin from 
several sources appeared to be removed only after treatment with ho} 
dilute acids, such as 0.01 N hydrochloric or 0.5-percent solutions of 
oxalic or citric acid. Others [17, 18] have suggested that natural 
pectin occurs in combination with certain metallic ions as insoluble 
salts. In support of this is the finding that calcium pectate is one of 
the constituents of the middle lamella of plant tissues [19]. 

The results described below, as well as those of a separate investi- 
gation,° on the acidic properties of cotton fibers indicate that a pectin- 
cellulose compound does not exist in raw cotton fibers, and that the 
pectic substance is present on the fibers as insoluble salts of such 
polyvalent ions as calcium, magnesium, and iron [20]. If such a 
conclusion is correct, it should be possible to convert the native, in- 
soluble pectic substance in cotton to the soluble form, without 
hydrolysis or other degradation, simply by substituting monovalent 
cations, such as sodium or ammonium, for the polyvalent cations 
mentioned above. 

As-has previously been mentioned, ammonium oxalate solutions 
have frequently been used by a number of investigators for the purpose 
of removing pectic substance from cotton fibers. Presumably, the 
pectic substance is converted to a soluble form by a process of double 
decomposition. Unfortunately, this evidence has not been considered 
conclusive, since the extraction process is carried out at elevated 
temperatures, and the experiments are therefore open to the criticism 
that some hydrolysis of the pectic substance may have occurred. 

The pectic substance can be removed, however, at low temperatures, 
where the possibilities for hydrolysis are at a minimum. section 
III, 1 (b) it was shown that cold (0° to 3° C) dilute solutions of am- 
monia had very little solvent effect on the pectic substance of dewaxed 
cotton, but that after the fiber had undergone treatments which 
removed the ash, the solubility of this substance was greatly increased 
in the same reagent. 

The ash was readily removed, either by extraction with a 96-percent 
solution of acetic acid or by electrodialysis in distilled water. The 
ash-free fiber was allowed to stand overnight in a 2-percent solution 
of ammonia at 0° to 3° C. Analysis of the treated material showed 
that about 90 percent of the pectic substance had been removed. 
Although there was no evidence of hydrolysis when the 96-percent 
acetic acid was used, this procedure may still be open to the same 
criticism given for the use of ammonium oxalate. This criticism 1 
least applicable to the electrodialysis method of removal of ash, yet 


* The results of this investigation are being prepared for publication. 
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the pectic substance from samples so treated was as readily removed as 
from samples treated with 96-percent acetic acid. The ease with 
which the pectic substance is removed from deashed cotton was even 
more strikingly demonstrated in titration experiments (see footnote 6), 
where it was shown that removal of this substance, begins when only 
very small amounts of dilute alkali have been added and the pH of the 
solution still remains on the acid side of neutrality. 

It appeared that it would be of some interest to isolate the pectic 
substance removed from the deashed fibers and to compare it with a 
sample of the material obtained by; the commonly used ammonium 
oxalate method. The material was recovered{by the following pro- 
cedure. The ammoniacal extract was made acid with hydrochloric 
acid, whereupon a large proportion of the pectic substance precipi- 
tated and was removed by filtration. The filtrate was neutralized 
and concentrated at 40° C under reduced pressure to a small volume, 
and the remainder of the pectic substance precipitated -by pouring 
} the concentrate into an excess of cold ethanol. The precipitates were 

combined, dissolved in hot water, and dialyzed for 24 hours. The 
material was again precipitated by pouring the dialyzed solution into 
cold ethanol. The precipitate was then filtered off, washed with 
ethanol and with acetone, and finally dried in air. A comparison of 
the material with a sample of pectic substance obtained by the am- 
monium oxalate method is given in table 2. The values for the uronic 
acid-carbon dioxide contents of both samples are in good agreement. 
The fluidity of the sample obtained by the ammonium oxalate treat- 
ment is a little higher and is suggestive of the possibility that a small 
amount of hydrolysis of the pectic substance prepared by this method 
had occurred. 


TABLE 2.—Comparison of a sample of pectic substance, obtained by extraction of 
deashed cotton with dilute ammonia solutions at 0° to 8° C, with that obtained from 
dewaxed cotton by the ammonium oxalate method 





Fluidity of 0.5 
_| percent aque- 
Method of isolation of pectic —_ — ous solutions 
substance ide adjusted to pH 
48.1 (tempera- 
ture 21° C) 





Percent Rhes 
20.8 23 


Ammonium oxalate 5 
Ammonia 21.1 20 

















3. RELATION OF THE PECTIC SUBSTANCE TO THE PROPERTIES OF 
COTTON FIBERS 


The ease with which the pectic substance is removed from deashed 
cotton fibers, as indicated in the preceding section, strongly suggests 
that a chemical union between the pectic substance and the cellulose 
does not exist. Furthermore, it would be expected that if such a 
combination did exist, removal of the pectic substance would require 
chemical cleavage of covalent linkages which might result in an 
alteration of the properties of the fibers. That this does not appear 
to be the case is shown by the data in table 3, which relate the pectic 
content to the tensile strength, copper number, and fluidity in cu- 
prammonium hydroxide solutions of the cotton. 
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TaBLE 3.—Relation of pectic substance content of cotton to some of the properties of 
the fiber 





Content 
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In agreement with the results of earlier workers [21], it may be seen 
that there is a relationship between the decrease in tensile strength 
and the increase in cuprammonium hydroxide fluidity. The most 
striking feature of these data, however, is found in the comparison of 
the properties of the fibers which had been treated with reagents such 
as ammonium oxalate or sodium hydroxide with those of fibers treated 
with acetic or hydrochoric acids. Cotton fibers freed from pectic 
substance by boiling in a 1-percent solution of sodium hydroxide for 
2 hours exhibited tensile strengths which indicated that no damage 
had been done to them. Similarly, the tensile strength remained 
unchanged in those fibers from which most of the pectic substance 
was removed by ammonium oxalate extraction. These treatments 
appeared to effect an almost negligible increase in fluidity. 

On the other hand, treatments with acetic or hydrochloric acid 
removed much smaller amounts of the pectic substance but produced 
appreciable changes in tensible strength and fluidity. This was 
especially noticeable in the sample treated with concentrated hydro- 
chloric acid. The fiber structure was completely destroyed, yet the 
material lost only about 20 percent of its content of uronic acids. It 
might be argued, of course, that the hydrochloric acid had destroyed 
the structure of the pectic substance. Although quantitative evi- 
dence is lacking, qualitative examination of a ssc of pectic sub- 
stance, isolated from cotton fibers which had been treated with con- 
centrated hydrochloric acid, as described in section 1, showed that it 
still retained its gelatinous structure and appeared in many ways to be 
similar to pectic substance isolated by much less drastic methods, 


4. BEHAVIOR OF COTTON FIBERS IN CUPRAMMONIUM 
HYDROXIDE SOLUTIONS 


During the preparation of the cuprammonium hydroxide solutions 
of cotton fibers for fluidity measurements, it was observed that solu- 
tions of dewaxed cotton always showed a slight cloudiness, whereas 
solutions of cotton purified by treatment with a boiling 1-percent 
solution of sodium hydroxide (see section III, 1 (a)) were clear. An 
examination’ of the solutions under the microscope revealed the 
presence of an insoluble material having the appearance of the outer 
shell of the fiber. No such solid residue could be detected in solutions 
of the purified cotton. When the cloudy solutions were centrifuged, 


1 The results of this investigation are being prepared for publication, 
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a small amount of insoluble material was precipitated, and the 
solution became clear. 

In order to study the phenomenon further, and to determine the 
nature of this precipitate, 28.5 g of dewaxed cotton was dissolved, by 
shaking for 20 hours, in 4 liters of cuprammonium hydroxide solution 
A. The resulting cloudy solution was centrifuged until it was prac- 
tically clear. The precipitate represented 3.22 percent of the original 
cotton sample. On analysis, a sample of the precipitate gave the 
carbon dioxide—rate curve characteristic of uronic acids and yielded 
58 mg of carbon dioxide per gram. From this value it was estimated 
that 28 percent of the precipitate was pectic substance and that this 
accounted for about 70 percent of the pectic substance in the original 
sample of dewaxed cotton. When the precipitate was tested with 
ruthenium red [22], a considerable portion of it was stained red, which 
indicates the presence of pectic substance. With the iodine-sulfuric 
acid test, a portion of the material gave a blue color similar to that 
obtained with cellulose. 

The relatively high percentage of pectic substance in the precipitate 
and the recovery of such a large proportion of the pectic substance of 
the dewaxed cotton were indeed striking. Since, however, some cel- 
lulose appeared to be present in the precipitate, the question immedi- 
ately arose whether the precipitate was a stable cellulose-pectin com- 
pound or whether the pectic substance was contaminated, either with 
undissolved cellulose or with occluded, dissolved material. Some of 
the latter was undoubtedly always present, since a small portion of 
the cuprammonium solution was always retained by the precipitate. 
Although the evidence presented in section III, 2 and 3, indicated that 
a compound of pectic substance and cellulose did not exist, it, never- 
theless, seemed advisable to further investigate the nature of the 
precipitate obtained in this experiment. 

Accordingly, the precipitate was resuspended in 200 ml of fresh 
cuprammonium hydroxide solution and the mixture allowed to stand 
for 24 hours, after which the insoluble portion was again removed by 
centrifuging. ‘This procedure was repeated three times, and the final 
precipitate was then washed with dilute acetic acid, followed by suc- 
cessive washings with acetone and with benzene. The product 
yielded 150.3 mg of carbon dioxide per gram, which indicated that the 
bulk of the cellulosic material had been removed and that the residue 
consisted largely of pectic substance. 

The material which remained in the cuprammonium hydroxide 
solution originally used to dissolve the dewaxed cotton, was precipi- 
tated by adding sufficient cold, dilute hydrochloric acid to bring the 
solution to neutrality. The precipitate was immediately washed with 
water and acetone, and then dried. On analysis the material gave a 
carbon dioxide-rate curve identical with that of glucose or cupram- 
monium rayon [4], which indicated the absence of detectable amounts 
of uronic acids. 

In order to determine whether the concentrations of copper or am- 
monia in the cuprammonium hydroxide solutions had special solubility 
effects with respect to the pectic substance, the same experiments 
described above were repeated, using cuprammonium hydroxide 
solution B. On shaking dewaxed cotton (calculated to form 0.5 
percent dispersion) with this solution, the cellulose quickly dispersed, 
leaving suspended in the mixture numerous bits of insoluble material, 
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which, under the microscope, appeared to be identical with thog 
described in the previous experiment. Since this cuprammoniyy, 
hydroxide solution has a pee density than that used in the previoy, 
experiment, the insoluble material was somewhat more difficult t) 
remove during centrifuging, and a smaller yield was obtained. Th, 
material was further purified with fresh cuprammonium hydroxid 
solution, as previously described. The final precipitate was stained 
a deep red with ruthenium red and was found to yield 153 mg pe 
gram of uronic acid—carbon dioxide, which indicated again that the 
fraction insoluble in cuprammonium hydroxide solutions is principally 
pectic substance. ; 

Finally, the same experiment was done with cotton which had beep 
treated bor 4 hours with hydrochloric acid (sp gr 1.18). This treat. 
ment is similar to that which Farr [23] states ill remove the cement. 
ing material, of which one component, it is further stated, is the pectic 
fraction of cotton fibers. As in the previous experiments, a fraction 
insoluble in cuprammonium hydroxide solution was obtained, and 
accounted for a large proportion of the pectic substance of the original 
fiber. On further purification of this fraction with fresh cupran- 
monium hydroxide solution, a product was obtained which yielded 
164 mg of carbon dioxide per gram. eeenre examination of the 
final precipitate showed that it retained its gelatinous structure and 
appeared to be similar to the pectic substance isolated by other 
procedures. 

A consideration of the results of the above experiments, as well as 
those shown in table 3, leads to the conclusion that the pectic substance 
does not contribute to the viscosity of cuprammonium hydroxide dis- 
persions of cotton fibers. Further evidence supporting this conclusion 
was obtained by shaking a 0.1-gm sample ® of pectic substance, iso- 
lated from cotton, as well as similar amounts of commercial prepara- 
tions of pectin ® andp ectic acid,” in 20-ml portions of cuprammonium 
hydroxide solution A for 4 days. At the end of this time, none of the 
materials appeared to have dissolved. Fluidity measurements of the 
cuprammonium hydroxide solution to which has been added the pectic 
substance from cotton showed it to be identical with the original 
cuprammonium hydroxide solution. 
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APPARATUS FOR THE STUDY OF THE PHOTOCHEMISTRY 
OF SHEET MATERIALS 


By Herbert F. Launer 


ABSTRACT 


An apparatus is described which was developed for studies of the photochem- 
istry of organic materials in sheet form. The problems involved in such studies 
are discussed, and data are presentéd to show the extent to which various impor- 
tant requirements have been met in the design of the apparatus. 

One of the most important problems involved in such studies is the elimination 
of concurrent temperature effects. Temperatures of thin sheet materials—such 
as paper, cellulose acetate, Cellophane, rubber, felt cloth, and a paint film 
under various conditions of irradiation with the Pyrex-enclosed electric arc, were 
measured with thermocouples. Temperatures as high as 280° C were found in 
white paper exposed to a 2,080-watt arc, at a distance of 16 cm. Under less 
severe conditions, some of which were similar to those of the artificial ‘“‘weather- 
ing’ and “light” stability tests, in use at the National Bureau of Standards and 
elsewhere, temperatures between 80° and 150° C were found in the various sheet 
materials. Since most of the materials named are known to undergo marked 
thermal decomposition at these higher temperatures, the control of temperature 
S is important. 

An apparatus for controlling the temperatures of sheet materials during irradia- 
tion, through intimate contact of the sheet with a thermostated aluminum 
backing, was found to be effective. Contact was secured by reducing the pressure 
between the sheet and backing. Temperature rises were thereby kept smaller; 
in the extreme case cited, the temperature rise was only 10° C above the tem- 
perature of the thermostated backing, which was maintained at 30° C. 

Temperature rises were further minimized by removal of most of the infrared 
radiant energy by means of a flowing cupric chloride filter. The removal of the 
infrared alone was found to be insufficient for adequate temperature control, 
owing to the heat effects produced by the visible and near ultraviolet, freely 
transmitted by the filter. When the filter was used in conjunction with the 
thermostated backing, the temperature rises due to irradiation were only 2° to 
3° C above 30° C. Because of the large amount of infrared energy to be removed, 
as much as 19,000 calories per minute for the arc lamp, and because of the cor- 
rosive nature of cupric chloride, special equipment was required for this filter. 

An arrangement for controlling the moisture and oxygen content of the 
atmosphere around the samples, from normal down to very low values, is also 
necessary for a comprehensive study. For porous materials, such as paper, in 
which gas absorption on the extensive fiber surfaces of the interior of the sheet 
may be important, direct circulation of the gases through the sheet is desirable. 
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I. PROBLEMS INVOLVED IN STUDIES OF THE 
PHOTOCHEMISTRY OF SOLID MATERIALS 


Studies of the photochemistry of ‘‘solid” materials present problen; 
which are peculiar to and at the same time common to practically 4| 
solid organic materials. In the present publication an apparatus \ 
described which was designed to meet various important commo, 
requirements of studies of the photochemistry of organic materials i; 
sheet form. 

One of the most important problems involved in the photochemical 
study of paper, plastics, rubber, etc., is the control of the temperatur 
of the exposed materials. Temperature control is necessary to avoid 
not only the chemical and physical changes due to heat, but also to 
avoid secondary effects of high temperature upon the content of mois. 
ture and other volatile components, which may result in changes noi 
directly photochemical or in conditions which affect the normal cours 
of the photochemical reaction. 

Inasmuch as solid materials of the type named are relatively stabk 
to ordinary intensities, sources of high intensity are necessary to pro- 
duce measurable photochemical changes in reasonably short periods of 
time. Such sources, however, cause heating of the sample under 
irradiation. Part of this heating may be avoided by removing the 
undesired portion of the spectrum, for example the infrared, by filter 
before it reaches the sample; but the heating accompanying absorption 
of the desired portion must be lessened by removing heat from the 
sample as rapidly as it appears, in order to secure control of the 
temperature of the sheet material. 

The choice of a light source is governed by the absorption charac- 
teristics of the particular material studied. All practical light sources, 
however, radiate large amounts of infrared. For example, over (4 
percent of the radiant energy from the solid carbon, Pyrex-enclosed 
arc lamp lies in the infrared region beyond 750f{muz. A filter capable 
of absorbing such large quantities of infrared, approximately 19,000 
cal/min. for an arc operating at 2,080 watts, without seriously diminish- 
ing the intensity of the desired visible and ultraviolet regions, must be 
free from physical and chemical changes due to light, and must permit 
the dissipation of the absorbed energy. 

Aside from temperature control, another important problem i 
exact photochemical studies is the necessity of measuring the incident 
radiant energy. ‘This is relatively simple when the source is constant 
in intensity, but such a useful source as the carbon arc varies, in its 
minute to minute average, from the mean intensity by as much as 1) 
percent. Apparatus for the continuous measurement and recording 
of high radiant intensities is, therefore, desirable in order to obtain 4 
curve or function which may be integrated to obtain mean intensity. 
From the incident radiant energy, the absorbed radiant energy may 
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Figure 1.—The photochemical apparatus. 


(For significance of letters see legends under fig. 2 
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be calculated for any material for which the reflection and transmis- 

sion factors are known. In this respect, each sheet material presents 

a special problem. é 

Another problem is the control of moisture and oxygen content of 
' the samples, if such factors are found to have an effect upon the photo- 
case action. In any case, the fact must first be established; 
thus, a system is necessary in which the samples during exposure are 
in contact only with a or moisture-free gases, as the case 
may be. ‘To accomplish this the gases must be continually main- 
‘tained in the desired condition by circulation through a conditioning 
apparatus, not only to remove a given substance to determine the 
effect of its absence—water vapor, for example, which continues to 
diffuse to the surface after the se gases have been dried— 
but also to remove water vapor concurrently formed as a product of 
the photochemical reaction. In this connection, it would appear 
highly desirable to secure a circulation of the purified gases directly 
| through the material being irradiated, at least through fibrous ma- 
terials, in order to remove moisture and oxygen adsorbed on the 
extensive fiber surfaces within the sheet. 

The various factors which have just been discussed were taken into 
account in the design of the apparatus to be described, and data 
are presented which show the extent to which the requirements have 
been met. 


II. LIGHT SOURCE AND MEASUREMENT OF RADIANT 
ENERGY 


The light source, figure 1 (in this case a carbon arc lamp), together 
with filters and reflectors, was mounted rigidly on a steel carriage 
which could be moved back out of the way to permit changing of 
samples and which was replaceable at the same distance, +0.1 per- 
cent, from the sample being irradiated. 

Under normal operation, the are was 15.8 em{from the middle of 
the sheet under irradiation. A diffusing reflector of etched aluminum, 
» not shown in figure 1, enclosed the back and sides of the glass globe 
| of the lamp and extended forward to the cupric chloride absorption 
cell, C, described later. 

For the continuous recording of the incident energy, a Leeds and 
Northrup recorder, equipped with a 100-ohm galvanometer, was used 
directly in conjunction with a thermopile. The continuous measure- 
ment over long periods of time of direct and diffusely reflected incident 
radiant energy of high intensity required a thermopile of special 
design. An instrument capable of intercepting the energy incident 
from a wide solid angle was essential. Further requirements were 
negligible zero shift, ruggedness, minimum area, and minimum thick- 
ness. Such a thermopile was described by the writer elsewhere [1].' 

For control purposes, the thermopile was mounted as shown in 
figure 4. For the purpose of determining the average incident 
intensity over the irradiated surface (400 cm?), the thermopile was 
movable to any position on the surface. 


‘Figures in brackets indicate literature references at the end of this paper. 


222120—40——6 
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III. ABSORPTION OF INFRARED RADIANT ENERGy 


Cupric chloride solution has been found by Coblentz [2, 3] and others 
to be effective in absorbing the infrared beyond 750 » without unde. 
going change in transmissive properties over a long period of time 
Some absorption of ultraviolet (and red) also occurs, but this can }y 
regulated by suitable choice of the concentration of the solution. 4) 
11-mm layer of cupric chloride solution, 2 percent in CuCl,.2H,( 
(0.117 molar) and 0.015 molar in HCl, was found to be satisfactory 
and its transmission in a cell with windows of Corex-D glass is give 
in table 1. Table 1 also shows the change in spectral quality of 3 
carbon arc effected by the filter. 


TaBLE 1.—Transmission of an 11-mm layer of 2 percent cupric chloride in , 
Corez-D cell, and the effect upon the spectral distribution of radiation from th 
Pyrex-enclosed carbon arc 





Transmission Spectral dis. 
of cupric Spectral dis- | tribution of 
Wavelength interval * chloride solu-| tribution of | transmitted 
tion in Corex-| arc lamp » radiant 
D giass cell energy 





Millimicrons sietans 8 Percent Percent 
u 4.6 

63. 
5. 
0. 


0.4 


6.5 
3.1 
0.0 














® The transmissions in the ultraviolet and visible regions were found by R. Stair to be as follows, for wave. 
lengths in millimicrons and transmissions in percent. 302:0.5; 313:3.5; 334:40; 365:78; 405:88; 436:90; 546:85 
579:80. The transmissions for the infrared region were calculated from the data of Coblentz [2, 3]. The 
averaged transmissions in column 2 were obtained by integrating the curve plotted from the data so obtained, 

» The spectral distribution of radiant energy emitted by the carbon arc lamp was taken from data fur. 
ot by the manufacturer, and the percentages are based upon the total emission in the region 290 to 

,000 my. 

¢ Based upon each wavelength interval. For this reason, these percentages do not equal 100. 


By circulating the cupric chloride through a heat exchanger, H 
(figs. 1 and 2), which consisted of 50 feet of glass tubing immersed in 
a water bath maintained at a constant temperature, the heat arising 
from the absorption in cell C (fig. 1), was dissipated. 

Since cupric chloride reacts rapidly with most metals, all parts with 
which it came in contact were of glass or rubber. The absorption 
cell, C (fig. 1), consisted of two sheets of Corex-D glass, 2 mm thick, 
pressed against a rubber gasket, giving a closed cell, except for the 
inlet and outlet tubes. Corex-D glass was selected primarily because 
of its ability to withstand extreme heat-shock, and because of the 
small possibility of a decrease in transmission in the region between 
320 and 400 my through solarization [4]. 

The pump, P1, shown in figure 3, consisted of a 1-tube, rotated 
about the vertical axis, so that the crosspiece produced circular motion 
of the liquid in a shallow, cylindrical case, causing the liquid to enter 
at the center hole and to leave the case through the side tube, , 
which also served as support for the case. The case, 2, was machined 
from hard rubber and during operation was immersed in a beaker 
(not shown) containing the cupric chloride solution. The evaporation 
which occurred at this point, 50 ml during a 17-hr period, was com- 
— by a device which allowed water to drip at this rate into the 
beaker. 
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The pump, driven by the o-hp fan motor shown, was capable of 
pumping a 7-ft head of water. Running at “low” speed, the pump 
circulated the solution through the system, including heat exchanger, 
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Ficure 2.—Schematic drawing of the photochemical apparatus. 


L=light source. P2=circulating pump for water in jacket of alumi- 
E=electromagnetie circuit breaker. num ar 
B=control mechanism for E. ; P3=mercury-sealed circulating pump for gases in 
C=cupric chloride absorption cell for infrared. Ic. J 
H=heat exchanger. T=tube containing saturated NaBr, for constant 
Pi=cupric chloride circulating pump. moisture content. __ 
F=glass light filters. D=dehydrating tube containing anhydrous mag- 
G=glass (Corex-D) window—4-mm thickness. nesium perchlorate. _ 
AW=thermostated aluminum backing for sheet a containing copper metal at 


materials. le. 
1C=irradiation chamber. S=stopcocks. 





at the rate of 700 ml/min. At this, the usual rate, the average 
temperature of the solution in the cell C was 35° C. A device, B, for 
breaking the arc-lamp circuit, if for any reason the flow of cupric 
chloride should cease, is also shown in figure 3. 


IV. CONTROL OF THE TEMPERATURE OF SHEET 
MATERIALS 


1. NECESSITY OF TEMPERATURE CONTROL 
(a) TEMPERATURE RISE UNDER TYPICAL CONDITIONS OF IRRADIATION 


The necessity of removing heat from materials during irradiation 
with high-intensity light sources is shown in the following experiments. 
Typical “‘sheet’’ materials, including paper, cellulose acetate, Cello- 
phane, rubber, wool felt, and a paint film, were exposed to high- 
intensity illumination under various conditions, Some of these con- 
ditions were similar to those prevailing during arc-lamp ‘‘weathering”’ 
and artificial “light’’-aging tests used at the National Bureau of 
Standards and pal oe Temperature rises above 30° C due to 
irradiation were measured by means of thermojunctions embedded in 
the sheet materials. 
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The temperature rise during irradiation is shown in table 2 and j; 
seen to be large when no effort was made to control the temperature of 
the sheets, as in experiments la, 1b, lc, 5b, 5c, 7b, 7c, 8, and 4 
Even a rapid current of cool air from a large electric fan located 3) 
cm from the sheet was insufficient for adequate temperature contro] 
even though the intensity of incident energy was rather low in exper. 
ment 1d. Temperature control by removal of most of the infrare; 
with the cupric chloride absorption cell, as in experiments If, 4c, and 
6c, was also insufficient; the heat arising in the sheets during th. 
absorption of radiant energy must be removed to secure effective 
temperature control. 


TABLE 2.—Temperature rises in sheet materials under various conditions of 
irradiation * 





= Temper. 
: : sity T of temperature 
Material ¢ of ype i 

incident control 
radiation 





Watts/em! 
set r (wood fiber) 0.9 


5 
.2 
2 


Fan blowing air at 25° O 


on sheet. 
5 Contact with aluminum 
acking. 


None—free suspension ____- 
Contact with aluminum 
: do wi 
aper cotton 
fiber). 


None—free suspension 

Contact with aluminum 
backing. 

None—free suspension 


None—free suspension 
Contact with aluminum 
backing. 





1, 450 


Papas, (Cott? | Direct sunlight» 























* A Pyrex-enclosed arc lamp with }4-in. solid-carbon electrodes was used in all experiments except 2b. _ 

> Experiments with the same number were carried out with the same specimen; differing letters indicate 
different conditions. 

¢ The average thicknesses of the sheets, the thickness of material in front of, and the thickness of materlsl 
in back of the thermojunctions, respectively, were as follows, in millimeters: No. 1—0.10, 0.03, 0.03; No. 2- 
0.11, 0.03, 0.03; 3—0.14, 0.03, 0.04; No. 4—0.05, 0.025, 0.025; No. 5—0.21, 0.05, 0.05; No. 6—0.62, 0.31, 0.18; No. 7— 
0.35, 0.11, 0.11; No. 8—0.15, 0.075, 0.075; No. 9—1.5, 0.75, 0.75. 

he papers made from cotton fibers were whiter than the one made from wood fibers. 

¢ Paper started to char after a few minutes. ' 

* The conditions prevailing in these experiments are representative of the routine ‘“‘weathering”’ tests in 
use at this Bureau and elsewhere. Higher intensities are often used. 

« An 11-mm layer of 2 percent CuCl; (see text) was used. 

bh August 22, 1939; 11:30 to 11:50a.m. Air temperature 26°C. Bright sun. Mild breeze. 
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FicureE 3.—Hard rubber-glass circulating pump for corrosive liquids, and control 
mechanism for circuit breaker. 
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Figure 4.—Thermostated aluminum backing and thermopile. 
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(b) TECHNIQUE OF MEASURING TEMPERATURES OF THE INTERIORS OF 
THE SHEETS 


Launer) 


The temperatures of the interiors of the sheet materials listed in 
table 2 were measured by means of constantan-Chromel P (AWG gage 
No. 36 wires, 0.127 mm) thermocouples. One junction was kept in a 
thermostated bath at 29.92° +0.07° C, and the other embedded in the 
sheet. The electric circuit was completed by a galvanometer and a 
series resistance of 9,900 ohms. Deflections were read from a scale 
at 1-m distance, which was calibrated for various temperatures. The 
temperature-deflection curve was practically a straight line from 20° 
to 300°C. Temperature readings were reproducible to at least 0.3° C. 
This is not necessarily the reproducibility of the values in table 2, 
since the measured temperatures changed with fluctuations in the 
intensity. 

The thermojunctions were incorporated in the sheets during their 
making, with the exception of the felt, into which the junction was 
threaded with a sewing needle. The film of lacquer was applied to 
.4-mm aluminum sheeting. 


2, APPARATUS FOR CONTROL OF TEMPERATURE OF SHEETS 


The thermostated aluminum backing is shown in figure 4, and the 
backing is schematically represented by AW in figure 2. The tem- 
perature of the 13-mm aluminum slab, A, was controlled by pumping 
water from a thermostat through the water-jacket, W, provided with 
baffles extending inward from the edges, so that the thermostat water 
had to follow a devious path over practically the entire rear surface of 
slab A. Circulation of the thermostat water, at the rate of 1 liter/min, 
was maintained by pump P2, of the same type as that used to circu- 
late the cupric chloride solution, figure 3, but constructed of copper 
instead of hard rubber. The temperature of the water returning to 
the thermostat differed by 0.1° C from the temperature of the thermo- 
stat (29.92°+0.07° C) when the air surrounding the backing was 
26° C. Under experimental conditions the temperature of the air in 
the irradiation chamber, JC, was usually 30° C. 

Intimate contact between the sheet and the metal backing was 
obtained by reducing the air pressure between the two. A network 
of grooves, 1 mm wide, milled in the aluminum surface to a depth of 
1mm, communicated with a hole drilled in the top of the slab, which 
was tapped and connected with brass fittings to the rubber tube, 
which in turn was connected to a glass tube leading out of the irradia- 
tion chamber. This tube led to pump P39, figures 1 and 2, which was 
a small commercial water-cooled air pump. Pump P3 not only 
served to reduce the pressure in the grooves of the aluminum backing 
when a sample for irradiation was in place, but also circulated the 
gases through one of a variety of conditioning systems before the 
gases were returned to the space surrounding the sample. The 
arrows In figure 2 indicate direction of flow. These conditioning 
systems will be described in a later section. 

The aluminum surface was etched with a solution of sodium 
hydroxide-sodium fluoride, which produced a surface of high and 
constant diffuse reflectance for the visible and ultraviolet regions [5]. 
Aside from the optical advantages, the etching process produced an 
additional network of minute crevasses which facilitated the passage 
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of air to the grooves. Thus, air pressure was exerted over the entire 
surface of the sheet. 


3. EFFECTIVENESS OF THE APPARATUS FOR CONTROLLING THE 
TEMPERATURE 


When the sheet materials were in intimate contact with the fla 
surface of the aluminum backing, A, it was found that heat was 
removed satisfactorily and adequate temperature control during irradi. 
ation was secured, as in experiments 1g, lh, 2a, 3, 4a, 4b, 5a, 6a, 6b, 
and 7a, table 2. Even when a large amount of long-wavelength 
infrared, which is strongly absorbed by paper, was incident upon the 
sample, as in experiment le, the contact with the aluminum backing 
sufficed to remove most of the heat from the sheet and thus to secure 
fair temperature control. The conditions prevailing in experiments 
lg, 1h, 2a, 3, 4a, 5a, 6a, and 6b are the usual experimental conditions 
and indicate the effectiveness of the arrangement for controlling tem. 
peratures of sheet materials. 

Adequate temperature control was obtained whether the material 
allowed the passage of air through it or not. In the case of papers, 
air was found to pass through the pores of the sheet at the rate of 
4.8 to 5.9 liters per minute (measured at 1 atmosphere and 26° () 

cm?/sec 

m?(g/em?) 
measured in the instrument developed by Carson [6]. The edges of 
the sheets were lightly clamped to prevent curling. The upper limit 
of air permeability, beyond which insufficient pressure differential 
for adequate contact is secured in the present apparatus, appears to 
lie in the region between 5,000 to 10,000 a. 

m*(g/cem*) 
filter papers. The temperature of porous textile materials might be 
controlled by clamping them against the metal backing with a sheet 
of suitable glass. 


for papers having an air permeability of 32 to 105 


» as 


» that of coarse 


4. SOURCES OF ERROR IN THE TEMPERATURE MEASUREMENTS 


The conduction of heat to or from the thermojunction along the 
wires, discussed by Roeser and Mueller [7] along with similar problems 
arising in the use of thermocouples, was minimized by embedding the 
wires to a distance of approximately 10 cm on each side of the junc- 
tion in the sheet, all of which was irradiated. Thus, temperature 
gradients in the embedded wires were probably negligible. The 
wires, furthermore, yo hase thermal conductivities (Chromel P 0.04, 

cal/sec cm 
and constantan 0.05 3 GJem) ) 

If a thermojunction absorbs more radiant energy than the sheet 
material, which may be the case for highly transmissive sheets, the 
temperature of the junction may be higher than that of the sheet, 
but the difference will be negligible if the thermal conductivity from 
the junction to the surrounding material is great enough to offset the 
greater absorption by the junction. The fact that the temperatures 
of all the sheets, irrespective of their transmissive properties, ap- 
iio the temperature of the aluminum backing when the latter is 

rought into action is an indication that absorption by the thermo- 
junction is not an important factor and that the temperatures in 
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Launer) 


table 2 are sufficiently correct to warrant the conclusions based upon 
them. ; ieee 

The temperatures recorded in table 2 refer to the interiors of the 
sheets. Calculations based upon thermal conductivity data show, 
however, that the temperature of the foremost surface, the hottest 
part, cannot be essentially different from that of the interior. From 
the coefficients of thermal conductivity—0.0003 for paper, 0.0006 for 

._ cal/sec em? 

cellulose acetate [8], 0.0003 for raw rubber [9], in >? Cjem 7 rom 
the thickness measurements given in table 2, footnote c, and from the 
incident intensities, multiplied by the absorption values, it can be cal- 
culated that the temperature differences between the front and rear 
surfaces of the sheets in experiments 2a, 4a, and 6a were probably no 
oreater than 0.4°, 0.02°, and 5.9° C, respectively. These values were 
computed by assuming all heat to be applied at the front surface, where- 
as, actually, the radiant energy was distributed throughout the thick- 
ness in accordance with Lambert’s law. Thus, the actual differences 
were smaller than those calculated. In any case, the interior tempera- 
tures were not essentially different from those of the exposed surfaces, 
with the possible exception of that of the rubber sheet, which was made 
especially thick because of mechanical difficulties encountered in the 
incorporation of the thermojunction. In photochemical experiments, 
the temperature of rubber sheets of 0.1-mm thickness, or thereabouts, 
could be controlled readily by the method described. 


V. IRRADIATION CHAMBER AND COMPOSITION OF THE 
ATMOSPHERE SURROUNDING THE SAMPLES DURING 
IRRADIATION 


The irradiation chamber is shown in figure 1. It consisted of a 
welded steel case screwed into a cast-iron flange, the front surface of 
which was machined to provide three concentric ledges. The window, 
Corex-D glass, was cemented to a large steel ring with litharge- 
glycerine putty. When the steel ring was screwed against the center 
metal ledge, the pressure of the glass against a closed-pore sponge- 
rubber gasket, cemented to the inside ledge, provided an airtight seal, 
as shown by the data of the analyses of the gases. 

The outside ledge, machined in the flange, provided a seat for a 
steel cover with rubber gasket. As shown in figure 1, the steel cover 
could be clamped tightly against the chamber by means of a crossbar 
and screw jack. With the cover in place, it was possible to evacuate 
the irradiation chamber, in spite of the fragility of the window (thick- 
ness=4 mm), by concurrently evacuating the space between the metal 
cover and the outside of the window through a hole drilled into the 
top of the rim. This hole was connected through a large stopcock to 
the glass tube which led to the chamber. The arrangement is indi- 
cated in figure 2. Although all experiments were carried out at 
atmospheric pressure, variations in the partial pressures of moisture 
or oxygen were obtained by evacuation to approximately 1 mm and 
refilling with the desired gas. 

Without the metal cover, the window would probably have to be 
25 to 30 mm thick in order to withstand a pressure differential of 1 
atmosphere. In such thickness, Corex-D glass would show pronounced 
absorption in the near ultraviolet. 
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Two mercury manometers indicated the pressures: One, a smal 
closed-end U-manometer indicated the pressures near 1 mm Hg; th 
other, a large open-end U-manometer indicated all pressures concerned 
but was used for indication near and at atmospheric pressure. 

Pump P3, as was mentioned previously, circulated gases through 
the various conditioning systems at rates varying from 4.8 to 59 
liters/min, depending upon the porosity of the sample. Considerab|. 
leaking occurred along the shaft of this pump, which was, therefore. 
provided with a mercury seal after mounting the pump vertically, 

Air containing moisture corresponding to a partial pressure of water 
vapor of 18.1 mm Hg, and a relative humidity at 30° C of 57.5 percent, 
was produced by circulating air through tube 7 (fig. 2), which was , 
glass tube with an inside diameter of 25 mm, 4 meters long, in the 
form of a flat, horizontal coil, half filled with saturated sodium bromide 
solution. This provided a long path in contact with the solution, 
with negligible resistance for the circulating air; and rapid establish. 
ment of equilibrium was thus obtained. Tube 7 was kept in q 
thermostated bath, the temperature of which was maintained 4t 
29.92°+0.07° C. The temperature of the sodium bromide solution 
was more constant, however, owing to the lag in temperature changes, 
and remained at 29.92°+0.02° C. 

Dried air was obtained by evacuation of the chamber and refilling 
through the large glass tube, D (fig. 2), packed with fresh anhydrous 
magnesium perchlorate. After the chamber was refilled, the air was 
maintained in continued circulation through this tube. Data given 
in table 3 show the resulting moisture content, along with that 
obtained using saturated sodium bromide solution, and show also 
the time necessary for the attainment of equilibrium. The values 
were obtained by allowing samples of the gases from the irradiation 
chamber to pass through a P.O; weighing tube into a large bottle of 
known volume, previously evacuated to a known pressure. 


TABLE 3.— Moisture content of air in irradiation chamber 





‘ Partial 
—— Time of , pressure Relative 


circula- of water | humidity 
= of tion vapor in | at 30°C 
chamber 


Conditioning system 








Average 








Anhydrous magnesium perchlorate 








015 

















* The air temperature was 30° C | with a relative humidity of approximately 60 percent, giving an initial 


Pxi10719 mm. Lower initial humidities were obtained by evacuation of the chamber to various pressures 
and refilling with air drawn through magnesium perchlorate. we 
» Average based upon values after circulation periods of 90 min or more, the usual experimental condition. 
¢ These values correspond to slightly varying quantities of gases taken for analysis. 
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An atmosphere of nitrogen was obtained by evacuating the chamber 
and refilling with purified No. Nitrogen from a commercial cylinder 
was passed lengthwise through a roll of copper screen, 37 cm long and 
92 cm in diameter, contained in the Pyrex tube O (fig. 2), and kept 
at a temperature of 500° C by an electric furnace. (The copper was 
regenerated frequently by passing H, through tube 0.) After refilling, 
continued circulation through tube O was maintained. A sample of 
vas? taken after 90 min of circulation, had a partial pressure of O; 
not greater than 0.23 mm. 


The writer gratefully acknowledges the advice of W. W. Coblentz, 
H. T. Wensel, and M. 8. Van Dusen, of the Bureau staff. 
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REDETERMINATION OF THE MUNSON-WALKER 
REDUCING-SUGAR VALUES 


By Lester D. Hammond 


ABSTRACT 


The various methods for the gravimetric determination of reducing sugars by 
the alkaline copper tartrate reagent (Fehling’s solution) were unified by L. S. 
Munson and Percy H. Walker in 1906. This method has gained widespread use 
because of its simplicity and reproducibility. Now that sugars of higher purity 
are available, a redetermination of the values of Munson and Walker has been 
made. To this have been added the values for levulose, as well as the values for 
an additional sugar mixture containing 0.3 g of total sugar. This latter mixture 
extends the adaptability of the method to include such products as simulated 
molasses, Which contains such high percentages of invert sugar in the total sugar 
present that neither column of sugar-mixture values in the original table was 
directly applicable. The conditions of the Munson and Walker method were 
followed, except that the copper was determined electrolytically and the solution 
was heated by electricity. It was demonstrated that the substitution of electricity 
for gas-flame heating produces no change in the results. Also, the invert sugar 
was prepared by taking equal weights of crystalline dextrose and levulose. Fora 
given weight of copper the new values are somewhat higher than the old values. 
An extensive table showing the reducing-sugar values for weights of copper from 
10 mg to 485 mg in 1-mg intervals has been computed. 
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I. INTRODUCTION 


During the process of manufacturing or refining sugar, there occurs 
a certain amount of decomposition of the sucrose into simpler sugars, 
dextrose and levulose. Their quantitative estimation is of great im- 
portance in factory methods and in the United States customs labora- 
tories, where a knowledge of the percentage of reducing sugars in a 
sugar product is necessary for the assessment of customs duties. In 
1841, Trommer [1]! reported a method of distinguishing between 
sucrose and dextrose by treating separate solutions of these sugars 
with an alkaline copper sulfate solution, in which the dextrose pro- 
duced a dark-red precipitate of cuprous oxide, whereas the sucrose 
solution gave little or no such reaction. In 1844, Barreswil [2] made 
the important contribution that potassium tartrate increases the 
stability of the alkaline copper reagent; and in 1849, Fehling [3] 
published the details of the method essentially as it is now used. 


SS 
1 Figures in brackets indicate the literature references at the end of this paper. 
* 579 
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In the years that have followed the publication of Fehling’s wor; 
many reducing-sugar methods have been proposed in which varioy: 
modifications of the concentrations of the components of the Fehlino 
reagent and of the period of boiling the solution of sugar and reagen; 
were made. Jackson [4] has made an extensive study of this method 
in which he shows the results of determining the copper by volumetri, 
and electrometric methods, while Erb and Zerban [5] have studied 
the total reducing sugar and the dextrose and levulose in cane molasses 
determining the copper as cupric oxide. Smolenski [6] has recently 
summarized a graphical classification of 29 methods for the estimation 
of reducing sugars. 

In 1906, Munson and Walker [7] surveyed the various methods and 
proposed one to unify all the others for the determination of dextrose, 
invert sugar, and two mixtures of invert sugar and sucrose totaling 
0.4 g and 2.0 g, respectively. This method has gained widespread use 
because of its simplicity and extreme reproducibility of results, 
Their solutions and method of manipulation are as follows: The 
copper sulfate solution contains 34.639 g of CuSO,.5H;0 in 500 ml, and 
the alkaline tartrate solution contains 173 g of potassium sodium 
tartrate (KNaC,H,0,.4H,O) and 50 g of sodium hydroxide in 500 ml, 
Transfer 25 ml each of the copper and alkaline tartrate solutions to a 
400-ml beaker and add 50 ml of reducing-sugar solution; or if a smaller 
volume of sugar solution is used, add water to make the final volume 
100 ml. Heat the beaker upon an asbestos gauze over a bunsen 
burner; so regulate the flame that boiling begins in 4 minutes and 
continue the boiling for exactly 2 minutes. Keep the beaker covered 
with a watch glass throughout the entire time of heating. Without 
diluting, filter the cuprous oxide at once on an asbestos felt in a 
porcelain Gooch crucible, using suction. Wash the cuprous oxide 
thoroughly with water at 60° C, then with 10 ml of alcohol, and finally 
with 10 mlofether. Dry for 30 minutes at 100° C, cool in a desiccator, 
and weigh as cuprous oxide. 

Despite the wide utilization of the Munson and Walker method for 
scientific and commercial purposes, there has been neither a redeter- 
mination of their original values nor any needed additions to the 
scope of the tables since their publication. Now that purer sucrose 
and dextrose are readily available, it was decided to redetermine the 
reducing-sugar values from which the Munson and Walker table was 
computed, and also, since pure levulose is now available by methods 
developed at this Bureau [8], to determine the values for this sugar. 

Within the past few years a new article of commerce has appeared. 
It is a simulated molasses manufactured directly from cane juice or 
raw sugar with or without the addition of molasses. It is now 
imported into the United States in large quantities and, because of 
its lack of accumulated impurities, is a product preferred for many 
peaprece to ordinary molasses. The sucrose present is partially 

ydrolyzed with acid, neutralized, and concentrated to a thick sirup. 
Samples received at this Bureau have a composition varying between 
70 and 82 percent of total sugar and a reducing-sugar content between 
45 and 58 percent. When a sample of such a molasses is taken to 
give a total sugar content of 0.4 g in 50 ml, the concentration of 
reducing sugar is such that the limits of the Munson- Walker table are 
exceeded. In analyzing this new material, it is now necessary to use 
a smaller sample and to add sufficient pure sucrose to obtain 0.4 g 
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of total sugar in the 50-ml aliquot. In order to be able to directly 
weigh out a sample, it was decided to determine data for a new column 
for 0.3 g of total sugar. 


II. ANALYTICAL PROCEDURE 


In redetermining these values, as well as in determining the new 
ones, the conditions of the Munson-Walker method were followed and 
the same concentration of alkaline copper tartrate reagent was used. 
However, certain changes in technique were soon found to be ad- 
visable. Munson and Walker brought the solution to boiling by 
heating over a gas flame, but this procedure was changed to the use 
of the more convenient electric heating. When the 400-ml beaker 
was placed in the electric heater, the 100 ml of solution it contained 
was entirely surrounded by a nest of the resistance wire. When gas 
is used to heat such a mixture, a yellow substance often forms on the 
side of the beaker which is more marked when low-grade sugar prod- 
ucts, such as blackstrap molasses, are to be analyzed, but which has 
never been observed when the heating is done electrically. Also, the 
beaker can be handled more comfortably, which permits the filtering 
of the cuprous oxide to be started more rapidly than can be done when 
gas heating is used. 

The current was controlled in the following manner: The line 
voltage was stabilized by means of a voltage regulator whose output 
voltage was constant within small limits, regardless of input varia- 
tions caused by fluctuations in the line voltage. This constant output 
voltage was fed into the input of a continuously variable transformer 
whose output voltage was adjusted to give the correct current through 
the heater. The solution could readily be brought to boiling in the 
4-minute interval used in the method within +5 seconds. 

Munson and Walker transferred the precipitated cuprous oxide to 
Gooch crucibles and weighed the cuprous oxide. This procedure 
was abandoned, and the copper was determined electrolytically. The 
cuprous oxide was transferred to a Gooch crucible, washed, and then 
dissolved by the slow dropwise addition of 5 ml of 1:1 nitric acid. 
The copper nitrate was received in a 250-ml beaker, and 10 ml of 1:1 
nitric acid added, as well as about 5 g of ammonium sulfate. Enough 
water to cover the cylindrical platinum-gauze electrodes was added, 
making the total volume of electrolyte about 180 ml. The electrolysis 
was conducted for about 36 hours ? at a current density of approxi- 
mately 0.10 amp/dm?; and upon completion, as indicated by the ferro- 
cyanide test, the electrolyte was displaced with distilled water before 
breaking the current. he copper deposit was washed with alcohol, 
dried for 15 minutes at 100° C, cooled in a desiccator, and weighed. 
All deposits were bright and showed no trace of ‘‘burning.”’ * 

Munson and Walker prepared the invert sugar by hydrolyzing a 
pure sucrose solution with 10 ml of 0.2 N HCl and, upon completion 
of the hydrolysis, neutralizing with 0.2 N sodium hydroxide. This 
procedure leaves in the invert solution an amount of sodium chloride 
equivalent to the acid used. Six experiments in determining dex- 
trose with the addition of approximately 150 mg of sodium chloride 
! The electrolysis can be completed overnight by using a larger current. John A. Scherrer, Rosemond K. 
Bell, and William D, Mogerman, J, Research NBS 22, 697 (1930) RP12i3. 


‘Electroanalysis of copper was selected on account of its extreme accuracy. In the routine analysis of 
sugar products, any method of determining copper which is suitable to the products may be used. 
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to the solution showed significantly larger amounts of cuprous oxi¢, 
precipitated than in the absence of the salt. Consequently, th, 
invert solution was made by taking equal weights of crystallin, 
dextrose and levulose. 

The levulose was prepared by taking a purified sample and js. 
solving it in water to make a 50-percent solution. Vegetable carboy 
was added and the solution heated. The filtered solution was evapp. 
rated in vacuo to a thick sirup, seeded with pure levulose, and crystal. 
lized in motion. The crystals were centrifuged and then washed 
with absolute alcohol. After drying in the air, the crystals wer, 
pulverized, dried for 2 hours at 50° C, and finally dried and stored in , 
vacuum desiccator. A polariscopic examination showed the levulos 
to be pure. 

The sucrose and dextrose used in this work were Standard Sample 
17 and 41, respectively, issued by this Bureau. 

In general, the same intervals in the concentrations of the sugars 
employed by Munson and Walker were used, except that additional 
points were determined at higher concentrations to obtain data for 4 
better least-squares adjustment in the high range of sugar concentra. 
tions. Fresh solutions were made for each determination by weigh. 
ing the requisite amount of sugar into a sugar scoop, transferring to 
a 500-ml flask, and completing the volume at 20° C, at which tempera. 
ture the solution was kept while the aliquots of 50 ml were taken, 
For the concentration 20 mg per 50 ml, the amount of sugar necessary 
for 1 liter of solution was taken. 

The experimental data are shown in table 1. A single weight of 
sugar or sugar mixture was dissolved, and four 50-ml aliquots were 
taken for each determination. However, for dextrose another series 
of duplicate determinations was made from a different specimen of 
Standard Sample 41 in order to check the reproducibility of results. 


TABLE 1.— Tabulation of analytical data 





DEXTROSE! 





Average 


Reducing Copper Copper wares 


sugar 





mg mg mg m mg 
20 . 41. 41.8 k 41.8 
41. 


40 . 81. 32. 82. 
82. 


121. of ; 121. 
121. 


160. . 50. 160. 
160. 


198. 197. 
198. 


235. 234. 6 . 235. 
235. 


271. 271.0 ; 271. 
271. | 


307.1 | 306.7 306. 6 307. 1 
307. 4 | 


! For each reducing-sugar concentration the 4 values in the first line represent the results from 4 aliquots 
ofthe solution. A new solution was prepared and the 2 values in the second line represent the results frow 
the 2 aliquots taken from that solution. 
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TABLE 1.— Tabulation of analytical data—Continued 





INVERT SUGAR AND SUCROSE-—2.0g OF TOTAL SUGAR 





Reducing y Average 
es Copper | Copper | Copper | Copper result 





mg mg 


54.9 

93.9 94.3 
131.0 131.2 
166.7 166. 8 
203. 7 204. 1 
238. 6 238. 6 
273. 4 
307. 2 
339. 9 
373. 4 
404.7 
434.3 
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Critical examination of the experimental data shows that either 
the parabolic or the rectangular hyperbolic equation fits the data 
for the lower range of sugar concentrations but that neither equation 
can be made to fit the whole range. The following are the character- 
istics required of an equation fitting the data over the whole exper- 
mental range. For low concentrations of reducing sugar the amount 
of copper obtained is very nearly proportional to the concentration 
of reducing sugar, and the curve representing the equation is therefore 
very nearly linear in this range. With increasing sugar concentrations 
the slope of the curve decreases, since the change in the amount of 
copper obtained for a given increase in concentration of sugar de- 
creases. The data show this decrease in slope to be uniform, and it 
becomes very rapid as the amount of unreduced copper becomes 
approximately 5 mg. As the amount of available copper is further 
diminished, the decrease in the slope of the curve becomes less rapid, 
approaching zero as the amount of available copper approaches zero. 
A curve having the above characteristics and possessing ease of appli- 
cation was found to be of the form 


(a+z) (b—y)=c+d (y—y)™. (1) 


It is formed by adding the term d(y,—y)~! to the equation for the 
rectangular hyperbola. It fits the data satisfactorily throughout 
and, in addition, is considerably easier to apply than an equation 
of the parabolic form. The added term causes the curve to approach 
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the limiting value of copper, y:=440.9 mg, asymptotically, as was 
indicated by additional data taken for sugar concentrations cor- 
responding to values for reduced copper between 435 and 440.9 mg. 
In this range, the additional amounts of copper reduced during the 
reaction by equal increments of sugar become increasingly smaller, 
which is probably explained by the decreased amount of unreduced 
copper in the reagent as the reaction of the reagent and sugar proceeds 
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~e—e- DEXTROSE 
—O—O- INVERT SUGAR 
-O-O- TOTAL SUGAR, 0.36 
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L | we | . | 
50 100 150 200 250 300 
REDUCING SUGAR, IN MILLIGRAMS 
Figure 1.—Graphic representation of data in table 1. 


in the range closely approaching 440.9 mg of reduced copper. In all 

of the sugars and sugar mixtures, the total amount of copper reduced 

approaches the ordinate 440.9 asymptotically. Therefore, it is 

obvious that the adaptability of the method is questionable for sugar 

concentrations corresponding to values of copper greater than approxi- 
222120—40-———7 
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mately 435 mg. There is some evidence that the precision of t}, 
measurements for all concentrations greater than 220 mg of sugar 7 
somewhat less than that for lower concentrations. Although {hj 
region is of lesser importance analytically, a further study of th 
reaction for it is contemplated and is justified from theoretical ¢op. 
siderations alone. Also, additional data may be instrumental j; 
even more definitely fixing the positions of the several curves in thj 
range. 

Figure 1 shows graphically the several curves plotted from eq |, 
using the constants given in table 2 for the different sugars and suoy 
mixtures. The range which is the subject of future investigation j 
shown in the insert. 

From the average result of each series of determinations in table 
the constants of eq 1 were calculated and adjusted by the method 9 
least squares. The values of the adjusted constants for the varioy 
sugars and sugar mixtures are shown in table 2. 


TABLE 2.— Values of equation constants 





Invert sugar and sucrose 





Invert 


—— 0.3 ¢ of 0.4 g of 2.0 g of 
total sugar | total sugar | total sugar 


Dextrose Levulose 





1776. 34 2176. 94 2061. 90 1924. 46 2834. 91 
3707. 48 ; 4086. 88 3806. 37 5344. 05 
6. 58497 . 3658 . df 8. 41765 7. 29378 15. 1484 

17757 40666 26959 77065 























Solving eq 1 for z, it takes the form 





| ae 
b—y 


(2) 


where z=mg of sugar, y=mg of copper, and y,=440.9, the amount 
of copper in milligrams in 50 ml of the copper tartrate reagent. From 
this equation was computed the reducing sugar from any weight of 
copper within the limits of the method. 

From eq 2 were calculated the values for each series of sugars and 
sugar mixtures, and the data in table 3 show the differences between 
the experimental values and those computed from the equation. 
Munson and Walker state that their differences were smail and 
negligible, except for the mixture containing 2.0 g of total sugar, in 
which larger differences between the experimental and computed 
values were found. However, table 3 shows that the differences ar 
quite small for all the sugars and sugar mixtures, and are all smaller 
than those of Munson and Walker, whose general average is 0.48 mg. 
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TaBLE 3.—Differences between the computed and experimental values 





Invert sugar and sucrose 





Reducing , | Invert 
sugar Dextrose sugar 0.3 g of 0.4 g of 2.0 g of 

total total total 

sugar sugar sugar 


Levulose 





u mg of Cu | mg of C 
—0.3 —0. 4 


ij 
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20 —0.1 0. 
40 -.1 
60 3 . 0 


mg mg of Cu mg of 


80 
100 
120 
140 
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hm bo tO Co CO 


-— mm DO Fw OrAaND 
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In table 4 are given the differences between the copper values of the 
{unson and Walker table and the new values for concentrations of 
reducing sugar between 20 and 240 mg. In general, the differences 
between the two tables increase with increase of sugar concentration. 
It is to be noted that if a comparison is made between a given weight 
{copper and the corresponding sugar value, the new sugar value will 
be somewhat higher than that in the Munson and Walker table. 


Taste 4.—Differences between the Munson and Walker table and the new table 





| 
c | Invert sugar and su-/| Invert sugar and su- 
ee Dextrose Invert sugar crose 0.4 g of total crose 2.0 g of total 
red sugar sugar 

| 
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| Mun- Mun- : Mun- : Mun- 
7 | son son son son 
ng |_and and and and 
Sugal Walker Walker Walker Walker 


mg of 
cu 
57.2 
95. 2 
132. 9 
169.7 
205. 9 
241.6 
276.5 
310.8 
344.4 





of 
teduc- 
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mg of mg of 
Cu Cu 
44.9 
83.5 
121.3 
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230. 8 
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399.3 
431.0 
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The differences between the old and new tables become greater, in 
general, with the increase in sugar concentration, and it was thought 
they might be caused by differences in the heating characteristics 
when electric heating was substituted for gas-flame heating. To test 
this, a series of experiments, using solutions containing 220 mg of 
reducing sugars in 50-ml aliquots, was carried out. New solutions 
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were prepared, and from a given solution two 50-ml aliquots wer 
analyzed by heating with a gas flame and two 50-ml aliquots py 
heating electrically. The results showed differences too small to |, 
considered significant. The averages of the results are given in table; 
and show that the differences between the two tables are not cause 
by substituting electricity for gas-flame heating in the method 
procedure. In addition, reducing-sugar determinations on two samples 
of blackstrap molasses were made in which one aliquot from eae) 
sample was heated by a gas flame and one aliquot of each sampi 
was heated electrically, but again there were no significant differences 
in the amounts of copper formed. 1 


TaBLE 5.—Comparison of gas and electric heating 





Milligrams of copper 





Taken for analysis 
Gas Electric 





220 mg of dextrose 408. 2 
220 mg of invert sugar. -_-.......--- we 396. 5 
0.4 g of total sugar 397.2 
220 mg of invert sugar . 
CP SS a 404.5 
220 mg of invert sugar : 
220 mg of levulose 384.7 





Blackstrap molasses: 
> ee eee 
Sample 2 

















III. CALCULATION OF TABLE 


In table 6 are shown the reducing-sugar values for each sugar and 
sugar mixture for weights of copper from 10 to 435 mg at intervals of 
1 mg. For each sugar and sugar mixture the value for each tenth 
point from 10 to 420 mg of copper was computed from eq 2 and all 
intermediate points were determined by linear interpolation. Above 
420 mg the differences between successive points change with in- 
creasing rapidity, so that smaller intervals were necessary in order 
for linear interpolation to give sufficiently accurate values. In this 
range, points 425, 430, 433, and 436 were computed from the equation. 
The values for cuprous oxide were computed by multiplying the corre- 
sponding value for copper by the factor 1.12585. 

Attention is called to the fact that the columns for 0.3 g and 0.4 gol 
total sugar are practically identical beyond the concentration 220 mg 
of reducing sugar. It is believed that this is due to the slowing of the 
reaction beyond 220 mg, as explained above, and that the effect of 
the slight differences in concentration of the two mixtures is of 4 
magnitude approximating the experimental error of the determination. 

In 1907, Walker [9] published his determination of the reducing- 
sugar values of lactose and maltose. Subsequently an error in the 
calculation of the table for lactose was discovered and a corrected 
table was published [10]. Later, Given stated that a question had 
arisen as to the composition of the lactose used by Walker, and that 
M. N. Straughn, of the Sugar Laboratory, Bureau of Chemistry, 
United States Department of Agriculture, had prepared a sample of 
lactose of known composition and had determined values for a new 
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lactose table. Straughn and Given then determined values for two 
mixtures of lactose and sucrose which, with the new lactose values, 
were published in 1912 [11]. However, none of the analytical data 
from which they constructed the tables now in use were given. Work 
js now in progress on the redetermination of the reducing-sugar values 
of lactose, two mixtures of lactose and sucrose, and of maltose. 


Acknowledgment is made to James B. Saunders for the mathe- 
matical treatment of the data and the computation of the reducing- 
sugar table. 
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TasLE 6.—Table for calculoting dextrose, invert sugar alone, invert sugar in the 
presence of sucrose (0.3, 0.4, and 2.0 g of total sugar), and levulose ! 
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TaBLE 6.—Table for calculating dextrose, invert sugar alone, invert sugar in the 
presence of sucrose (0.3, 0.4, and 2.0 g of total sugar), and levulose—Continued 
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Taste 6.—Table for calculating dextrose, invert sugar alone, invert sugar in the 
presence of sucrose (0.8, 0.4, and 2.0 g of total sugar), and levulose—Continued 
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TaBLe 6.—Table for calculating dextrose, invert sugar alone, invert sugar jy the 
presence of sucrose (0.3, 0.4, and 2.0 g of tatal sugar), and levulose—Continued 
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TaBLE 6.—Table for calculating dextrose, invert sugar alone, invert sugar in the 
presence of sucrcsé (0.3, 0.4, and 2.0 g of total sugar), and levulose—Continued 





| Invert sugar and sucrose 
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TaBLe 6.—Tatle for calculating dextrose, invert sugar alone, invert sugar in th, 
presence of sucrose (0.3, 0.4, and 2.0 g of total sugar), and levulose—Continued 
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Taste 6.—Table for calculating dextrose, invert sugar alone, invert sugar in the 
presence of sucrose (0.3, 0.4, and 2.0 g of total sugar), and levulose—Continued 
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TaBLE 6.—Table for calculating dextrose, invert sugar alone, invert sugar in 4), 
presence of sucrose (0.3, 0.4, and 2.0 g of total sugar), and levulose—Continued — 





| | Invert sugar and sucrose | 
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WasuineTon, March 20, 1940. 





